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Preface: Abstract ii 

Abstract 

The (13a)8-barrel is the most commonly C>ccurring enzyme fold and proteins in this 

structural class catalyse an enormous range of reactions. However, with diversity of 

function has come extreme diversity of sequence and this in turn has hampered efforts to 

reconstruct the evolutionary history of the fold. In this thesis, the techniques of protein 

engineering have been used to test a number of possible mechanisms by which this 

diversity might have evolved. Site-directed mutagenesis identified Tyr354 of 

Geobacillus stearothermophilus alanine racemase as a critical determinant of substrate 

specificity, acting via a novel mechanism affecting kcat but not KM. The implications for 

evolution of vancomycin resistance in Enterococcus species are discussed. Much of the 

research described herein has focussed on the experimental techniques of directed 

evolution as means to probe the natural evolution of the (f3a)8-barrel fold. In light of the 

apparent amenability of the scaffold to redesign by random mutation and natural 

selection throughout evolution, these approaches also offer insights into engineering 

Wa)8-barrel enzymes for biotechnological applications. In the first instance, theoretical 

aspects of randomised library construction have been investigated. When the statistics 

of sampling such libraries are considered, new strategies for maximising the diversity 

they contain, and therefore improving the likelihood of finding improved variants within 

them, become evident. These guidelines informed initial research validating the 

selection of phosphoribosylanthranilate isomerase (PRAI), a functionally monomeric 

(13a)8-barrel protein, as a scaffold for in vitro evolution. In particular, the modularity of 

one active site loop, f36a6 , was tested by the construction of a library of 7.3 x 106 clones 

carrying FLAG ·epitope variants inserted at this position. Selection for binding to 

immobilised anti-FLAG antibody was by the novel in vitro methodology of plasmid 

display and yielded a novel, stable, structured truncated. variant corresponding to three

quarters of the PRAI (Ba)s-barrel. The identification of this subdomain raised the 

possibility that similar part-barrels have played a role in the evolution of the (13a)8-barrel 

fold. To test this experimentally, the construction of a novel chimera consisting of the 

PRAI subdomain and a putative NADPH-binding subdomain from the distantly related 

rat K vf3 protein was undertaken using rational and random approaches. Finally, the 

results were incorporated into a new model for the evolution of the (f3a)8-barrels, based 

on ancient convergence to the (f3a)8 structure by combinatorial assembly of subdomains. 
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1.1 Enzymes: Nature's finest 

There can be no doubting the complexity of extant living systems. Responsibility for the 

diversity of life and for adaptation to a multitude of environments sits squarely with 

Darwinist dogma: an algorithm of mutation, neutral drift and natural selection, 

unchecked over time. Fittingly, the diversification of life itself has been matched at the 

molecular level by the evolution of an array of proteins suited to a huge range of tasks, 

from roles in the uptake, transport and storage of metabolites to maintaining cellular 

integrity, signalling, and, of course, catalysis. 

With few exceptions, the biochemical reactions comprising life are mediated by 

protein enzymes. Although governed by the same physicochemical laws as other 

compounds, enzymes differ from chemical catalysts in a number of important respects. 

They are remarkably efficient, typically catalysing rate enhancements of 106-10 12 over 

the corresponding uncatalysed reaction. In contrast to many examples of chemical 

catalysis, enzyme-catalysed reactions generally occur under mild conditions: at 

atmospheric pressure and temperatures below 100°C, in an aqueous environment and at 

near-neutral pH. Critically, enzymes demonstrate exquisite specificity, with respect to 

both recognition of substrates and generation of products. Finally, enzymes are 

amenable to complex regulation by allostery, covalent modification and the control of 

their synthesis. Understanding the evolution of these properties not only constitutes a 

fascinating intellectual challenge, but also offers more tangible, practical insights into 

engineering enzymes for biotechnological applications. 

1.2 (~a)a-Barrel proteins: bigger, better, faster, more 

1.2.1 The Wa)8-barrel architecture 

An oft-quoted estimate is that there are one thousand structurally-distinct protein 

families in Nature (Chothia, 1992). Of all these families, the (~a)8-barrel proteins are 

particularly prominent in terms of both their sheer abundance and also their extreme 

functional diversity. The (~a)s-barrel is the most commonly occurring enzyme fold in 

the RCSB Protein Data Bank (PDB) database of known three-dimensional structures 
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(Wierenga, 2001) and it has been estimated that 10-12% of all enzymes include a 

(Ba)8-barrel domain (Reardon & Farber, 1995; Pujadas & Palau, 1999). Proteins 

possessing the (Ba)8-barrel architecture fall into five of the six primary classes of 

enzymes as defined by the Enzyme Commission (E.C.; Table 1.1); curiously, a 

(Ba)8-barrel ligase is yet to be discovered. 

E.C. class 
Oxidoreductase 
Transferase 
Hydrolase 
Lyase 
Isomerase 
Ligase 

(~a)8-barrel example 
Glycolate oxidase 
Pyruvate kinase 

a -Amylase 
Fructose bisphosphate aldolase 

Triosephosphate isomerase 
(None known) 

E.C. classification 
1.1.3 .1 5 
2.7.1.40 
3.2.1.1 

4.1.2.13 
5.3 .1.1 
6.x.x.x 

Table 1.1. Representative examples demonstrating the functional diversity of Wa)8-barrel enzymes. 

The (Ba)8-barrel fold was first identified in triosephosphate isomerase (TIM) from 

chicken muscle (Banner et al., 1975) and is characterised by secondary structure 

consisting of eight B-strand-a-helix (each abbreviated Ba) units. The eight-stranded 

parallel B-sheet is closed into a cylindrical topology by hydrogen bonding between the 

first and last B-strands; the helices pack around this central barrel (Figure 1.1 ). The 

strands are tilted at angles of - 3 6° to the axis of the structure and the helices are roughly 

parallel to the strands (Lesk et al., 1989). The cross sections of different (Ba)s-barrels 

vary in eccentricity from nearly circular (an axial ratio of 1.0, e.g. indoleglycerol

phosphate synthase) to being elliptical with an axial ratio of 1.48 in the case of TIM 

(Lasters et al., 1988). It is not uncommon for the loop regions between successive 

elements of secondary structure to contain insertions of extra helices (e.g. the 310-helix 8' 

between B8 and a.8 of phosphoribosylanthranilate isomerase; Wilmanns et al. , 1992) or 

of extra domains, such as the anti-parallel B-sheet domain inserted into the B3a3 loop of 

pyruvate kinase (Muirhead et al., 1986). Further, imperfect barrels have been described 

in which one or more elements of secondary structure are deleted; an example is the 

Bacillus cereus phosphatidylinositol-specific phospholipase C, which lacks a -helices 

4 and 5 (Heinz et al., 1998). 

The side chains of consecutive amino acids in a B-strand are on opposite sides of 

the resulting B-sheet. In (Ba)s-barrels, this translates to every second B-strand side chain 

contributing interactions with the adjacent a-helices, while the remainder are directed 
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towards the inside of the barrel to form the hydrophobic core of the protein. Although 

variation in B-strand length gives rise to barrels of different "depth," it has been noted 

that in most (Ba)s-barrels, each B-strand contains either three or four residues at the same 

height relative to the axis of the barrel, and that these form a continuous hydrogen 

bonded net around the barrel (Lesk et al., 1989; Nagano et al., 1999). Of these 24 or 32 

critical B-strand residues, then, the side chains of half will pack in a regular array to form 

the hydrophobic core of the B-barrel. 

Figure 1.1. Triosephosphate isomerase, the archetypal (/3a)8-barrel domain. The central barrel of eight 
parallel /)-strands is surrounded by eight a-helices. Adapted from Branden (1991 ). 

A minimum of about 200 amino acid residues are required to form a (Ba.)8-barrel, 

making it one of the largest of all single-domain structures (Branden & Tooze, 1991). 

One of the smallest naturally-occurring (Ba.)8-barrels is TIM from the hyperthermophile 

Pyrococcus woesei, which consists of 228 residues (Walden et al., 2001); a 216-residue 

"idealised" (Ba)s-barrel has also recently been designed de novo (Offredi et al., 2003; 

refer also section 1.5). In contrast, most (Ba.)8-barrels, contain between 250 and 300 

amino acids, and when loop insertions and helix extensions are considered, may be 

considerably larger while still being regarded as a single domain (for example the 

exo-B-(1,3)-glucanase from Candida albicans comprises 400 residues; Cutfield et al. , 

1999). The size and modular architecture of the (Ba.)8-barrel domain have important 

implications for folding and evolution, a theme that has been returned to and developed 

throughout the course of this study. 
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1.2.2 The perfect enzyme 

In concluding his unrivalled dissection of an enzyme mechanism and the evolution of 

efficiency, Jeremy Knowles asserted that . TIM has attained catalytic perfection: the 

highest free energy barrier to catalysis is that representing the binding of the substrate to 

the enzyme; consequently, catalysis is limited only by the diffusion-controlled limit on 

the rate of collision between enzyme and substrate molecules in solution (Albery & 

Knowles, 1976). The two enolisations catalysed by this (f3a)8-barrel have been 

accelerated to the point where they have no effect on the flux, making it impossible to 

select for further evolutionary optimisation of the enzyme. In kinetic terms, kcail KM for 

the TIM-catalysed interconversion of dihydroxyacetone phosphate and glyceraldehyde 

3-phosphate is estimated at 2.4 x 108 s·1.M·1 (Radzicka & Wolfenden, 1995), a value 

which is surpassed by very few other enzymes. The mechanism by which TIM appears 

to have evolved catalytic perfection - and its implications in (f3a)8-barrel evolution more 

generally - will be revisited in Chapter 6. 

1.2.3 The most proficient catalyst of them all 

Not only is one of the few perfect enzymes a (l3a)8-barrel , but so too is orotidine 

5'-monophosphate (OMP) decarboxylase, which effects a greater rate enhancement than 

any other enzyme known. OMP decarboxylase catalyses the synthesis of UMP in the 

last step of de nova pyrimidine biosynthesis, and since all other pyrimidine nucleotides 

can be derived from UMP, this enzyme appears ubiquitous in all organisms (Traut & 

Temple, 2000). With a kcailKM of 5.6 x 107 s· 1.M·1
, OMP decarboxylase falls short of 

catalytic perfection. However, the carboxyl group of OMP is exceptionally stable, and 

uncatalysed decarboxylation is estimated to occur with a half-time (t 112) of 78 million 

years. In the course of catalysis, then, OMP decarboxylase enhances the rate of the 

uncatalysed reaction by a factor of 1.4 x 1017 (Radzicka & Wolfenden, 1995). The 

ability of this (l3a)s-barrel to make such a kinetically unfavourable. task physiologically 

relevant is even more remarkable in light of the observation that it does so without the 

co-ordination of cofactors or metal ions; this has led to considerable interest in its 

catalytic mechanism (reviewed by Miller & Wolfenden, 2002). 
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1.2.4 Wa)s-Barrel biomass 

In stark contrast to the extraordinary catalytic prowess of TIM and OMP decarboxylase, 

ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) is one of the slowest 

enzymes known. A lumbering giant, the 560 kDa holoenzyme is composed of eight 

large and eight small subunits in plants and most photosynthetic microorganisms. The 

function of the small subunits remains poorly understood. It is the large subunits that are 

(Ba)8-barrels, and that are responsible for catalysing the entry of C02 into the biosphere 

via its incorporation into ribulose 1,5-bisphosphate. However, with turnover numbers of 

only a few molecules per second (kcat:::::: 3 s· 1 for enzymes from many species), a low 

affinity for atmospheric C02 and the use of 0 2 as an alternative substrate for the 

competing process of photorespiration, this (Ba)8-barrel - central to life on earth - is 

notoriously inefficient (reviewed by Spreitzer & Salvucci, 2002). As a consequence, 

Rubisco can comprise up to 50% of all leaf protein in land plants, and -4 x 109 tonnes of 

the enzyme are estimated to be present in the biosphere (Ellis, 1979). Not only do the 

best catalysts ever to have evolved number amongst the (Ba)8-barrels, then, but so too 

does the most abundant protein in the world. 

1.2.5 More than just catalysis 

In . addition to their well-documented roles as catalysts, an increasing number of 

(Ba)8-barrels are being discovered that play important non-enzymatic roles in a variety 

of organisms. The first such example to be reported was narbonin, which was proposed 

to act as a seed storage protein in the bean Vicia narbonensis L (Hennig et al., 1992). 

Refinement of the structure suggested that there were no structural features explicitly 

preventing the protein from exercising a binding or catalytic function, although neither 

was there a particularly prominent active site pocket an~ to date no enzymatic activity 

has been ascribed to the protein (Hennig et al., 1995b). Similarly, the three-dimensional 

structure of concanavalin B from the jack bean Canavalia ensiformis revealed striking 

similarities to the chitinases of glycosyl hydrolase family 18, however the chitinase 

catalytic glutamate residue was replaced with a glutamine in the storage protein (Hennig 

et al., 1995a). More recently, a narbonin homologue from Vicia faba L, NVf32, has 

been cloned and characterised, and also appears to lack a catalytic activity (Frosch 
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et al., 2002). While its structure is yet to be determined, it seems likely that NVf32 is 

also a (Ba)8-barrel, and that the fold has been widely employed throughout the legume 

family as a seed storage protein. 

Chitinase homologues have also found non-enzymatic roles in animals. Yml, a 

novel murine lectin synthesised and secreted by peritoneal macrophages, possesses a 

(Ba)8-barrel fold that could be superimposed on Serratia marcescans chitinase A with a 

root mean square (rms) deviation of just 0.74 A for the Ca positions (Sun et al., 2001). 

While Yml lacks chitinase activity, it exhibits a binding specificity for glucosamine

containing carbohydrates. Further, expression of Yml is induced in response to 

nematode infection, suggesting a role in host cell defence and signalling. In a similar 

vein, the Drosophila melanogaster imaginal disc growth factor-2 (IDGF-2), which is 

one of a family of polypeptide growth factors that promote imaginal disc cell 

proliferation throughout development, was recently shown to be a (Ba)s-barrel (Varela 

et al., 2002). Intriguingly, while it showed homology to both Yml and chitinase A, the 

structure suggested that significant rearrangements would have to occur in order to open 

a putative oligosaccharide binding site. Combined, these data offer evidence for 

divergent evolution from a chitinase-like ancestor to (Ba)8-barrels involved in seed 

storage, carbohydrate recognition and cell signalling, all with an associated loss of 

catalytic activity. 

Finally, two (Ba)8-barrel proteins that appear to lack enzymatic activity have been 

isolated from bioluminescent bacteria. The structure of luciferase from Vibrio harveyi 

has been solved to 1.5 A resolution, revealing a heterodimer of two (Ba)8-barrels (Fisher 

et al., 1996). The a-subunit contains the flavin monooxygenase activity responsible for 

catalysing the conversion of a long-chain aliphatic aldehyde into the corresponding 

carboxylic acid and blue-green light. However while the,B-subunit is required for a high 

quantum yield reaction, and its Ca atoms can be superimposed on those of the a-subunit 

structure with an rms deviation of 1.99 A, it is not enzymatically active. In turn, the B
subunit can be superimposed with the nonfluorescent flavoprotein (NFP) from 

Photobacterium leiognathi, displaying an rms deviation of 1.55 A. In addition to 

lacking one strand of the (Ba)s-barrel, the latter protein also appears to lack catalytic 

activity, although it is known to bind an unusual adduct of flavin mononucleotide and 
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myristate (reviewed by Pujadas & Palau, 1999). The (Ba)s-barrels of bacterial 

bioluminescence may therefore represent a second case of divergence through gene 

duplication and loss of function, although it is also possible that NFP has been recruited 

for some other role in the cell. 

1.3 What's so special about the (~a)a-barrel? 

1.3.1 Conserved structure, diverse sequences, ancient origin 

As we have seen in the previous section, proteins sharing the (Ba)8-barrel fold are 

ubiquitous throughout Nature. Indeed, a recent in silica survey of 13 complete microbial 

genomes and the Caenorhabditis elegans genome (which at that time was 85% 

complete) predicted that the (Ba)8-barrels are second only to the P-loop NTPases in their 

abundance in proteomes from all three domains of life, and that overall -6% of all 

globular proteins share the (Ba)8-barrel fold (Wolf et al., 1999). Just as remarkable as 

this universal conservation of a three-dimensional architecture, however, is the lack of 

DNA and primary protein sequence similarity between (Ba)8-barrel proteins (Copley & 

Bork, 2000; Nagano et al., 2002). For example, on grouping 889 (Ba)s-barrels from the 

PDB into 21 structurally homologous superfamilies, only four cross-hits between 

families could be directly detected by Nagano et al. (2002) using the sensitive sequence 

analysis tools PSI-BLAST (Altschul et al., 1997) and IMPALA (Schaffer et al., 1999). 

This brings us to the central question in the (Ba)8-barrel evolutionary debate: does 

the observed sequence diversity coupled with structural conservation represent divergent 

evolution from a_ single ancestral (Ba )s-barrel; or is it more likely that sequences have 

converged to share the stable (Ba)8-barrel fold? An important corollary - especially 

when the potential of (Ba)8-barrel proteins as starting points for protein engineering is 

considered - is to ask why it is the (Ba)8-barrel architecture, of all the thousand protein 

folds (Chothia, 1992), that has evolved to fill such a diverse range of metabolic niches. 

In one form or another, these two questions loom large over this thesis, and will be 

returned to throughout. 
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Regardless of the primary mechanism of its evolution, a number of lines of 

evidence suggest that the (Ba)s-barrel was present very early in protein evolution. Of all 

the pathways in metabolism, it is generally assumed that the second half of glycolysis, in 

which a phosphorylated triose undergoes oxidation and phosphorylation before it is 

dephosphory lated for a net yield of two molecules of A TP, was among the first to 

evolve. The last two steps of this rudimentary pathway for energy transduction are 

catalysed by the (Ba)8-barrel enzymes enolase and pyruvate kinase. Likewise, it was 

noted previously (section 1.2.3) that OMP decarboxylase catalyses the final, essential 

step in pyrimidine biosynthesis, another functionality that presumably evolved with 

earliest cellular life. Indeed, in their analysis, Radzicka and Wolfenden (1995) make the 

interesting point that a highly proficient ancestral OMP decarboxylase may have arisen 

with little fine-tuning: if an early mesophile evolved the ability to enhance the rate of the 

uncatalysed reaction by only 1000-fold, the t112 for the production of UMP would still 

have been 78 OOO years. They also note, however, that the acute temperature 

dependence of the rate of the uncatalysed reaction means that the t112 is only 10 years at 

100°C, therefore making the evolution of a viable synthetic pathway more likely in 

hyperthermophilic organisms. 

1.3.2 Horowitz, Jensen and mechanisms of pathway evolution 

Clearly, the (Ba)s-barrel scaffold has been subjected to a long period of inexorable 

evolution by random mutation and natural selection, and this at least partly explains its 

prominence in central metabolism. However, it is not unique in being old. The non

(Ba)s-barrel enzymes of glycolysis are all a/B proteins, yet their Rossmann and 

Rossmann-like domains have not evolved the same diversity of function. Nor indeed 

have the super-abundant P-loop NTPases - estimated to comprise almost 20% of all 

globular domains in all proteomes (Wolf et al., 1999) - despite an undoubtedly ancient 

origin inferred from their roles in processes such as DNA replication and translation. 

What mechanisms, then, might have led to such catalytic diversity on the (Ba)8-barrel 

scaffold in particular? 
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In 1945, Horowitz proposed that metabolic pathways evolve backwards1, that is, 

when the substrate X for an enzyme in a biosynthetic pathway is depleted, a new enzyme 

will evolve to supply X by catalysing its synthesis from the available precursor Y. 

Evolution is therefore constrained to retain binding specificity, as the old and new 

enzymes must both bind the same substrate/product molecule. With the discovery of 

operons and tandem gene duplications, Horowitz's model of retrograde evolution was 

extended to suggest that this constraint was best satisfied via a mechanism in which the 

gene for the old enzyme was duplicated. This would allow the evolution of the novel 

catalytic activity required for the synthesis of X from Y, while retaining the ability of the 

precursor scaffold to bind X. That is, the gene for each protein in a biosynthetic 

pathway was predicted to be homologous. Moreover, it could be expected that if an 

ancient (~a)s-barrel catalysed a "one-step" biosynthetic pathway, the evolution of this 

pathway to include multiple steps would have been paralleled by diversification of 

function on the scaffold of the ancestral (~a)8-barrel. While the retrograde evolution 

model is an over-simplification (for reasons discussed below), it is striking that it applies 

best to pathways involving (~a)8-barrel enzymes (refer sections 1.4.2 and 6.4). 

Retrograde evolution is based on the assumption that each intermediate in a 

backwardly-evolving pathway was readily available to the primitive cell. Jensen (1976) 

suggested that this was unlikely, especially when the observed chemical !ability of many 

intermediary metabolites was considered. Instead, he proposed that primitive enzymes 

possessed broad specificities, allowing them to react with a wide range of related 

substrates and maximising the catalytic versatility of an ancestral cell containing a 

minimum number of genetically-encoded enzymes. The resulting "biochemical 

leakiness", aided.by the non-enzymatic reactivity of some intermediates, would provide 

a background of heterogeneity against which the recruitment of individual enzymes and 

their evolution towards specificity would act to improve a slow - but pre-existing -

multi-step pathway. The existence of homologous enzymes catalysing similar reactions 

in different pathways would provide evidence for this model. 

1 
To say that he was ahead of his time with this proposal is something of an understatement: the other 

assertion in the introduction to his paper was that, "it is probable that the primary action of the gene is 
concerned with enzyme production" (Horowitz, 1945). 
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1.3.3 Combinatorial complexity: the key to diversity? 

Fundamentally, much of the catalytic diversity observed in metabolism must have arisen 

via either Horowitz's "binding first" model of retrograde evolution, or Jensen's 

"chemistry first" model of enzyme recruitment, or a combination of both. But why is so 

much of this diversity represented amongst enzymes sharing the (Ba)8-barrel 

architecture? The answer, it seems, has a lot to do with partitioning structurally and 

functionally important amino acids within the (Ba)s-barrel structure (Figure 1.2). The 

conservation of the core (Ba)s-barrel is in contrast to the variability observed in both the 

length and the structure of the loops that connect the B-strands with their adjacent 

a-helices. These loops fall into two groups with different functions. The loops at the 

C-termini of the B-strands (i.e. connecting Bn to an) define the catalytic face of the barrel, 

form the active site in combination with residues at the C-terminal ends of each B-strand, 

and are accordingly found to be the most variable (Branden, 1991 ). The loops on the 

other face of the barrel (i.e. connecting an to Bn+I) are generally shorter, frequently 

belong to one of several defined structural motifs and are important for stabilising the 

overall fold (Hocker et al., 2001 b ). As such, they are relatively intolerant to change. 

In delineating so clearly the structurally and functionally important parts of the 

(Ba)8-barrel molecule, Nature has arrived at a mechanism for altering catalytic activity 

by . mutation, without compromising stability. Superfamilies of (Ba)s-barrel proteins 

have been identified in which members are homologous in both primary and particularly 

tertiary structure, and yet which - largely by virtue of variation in active site-forming 

loops - catalyse different chemical reactions (reviewed by Gerlt & Babbitt, 2001 b ). The 

first (Ba)s-barrel enzymes to be grouped in this way were mandelate racemase (MR) and 

muconate lactonising enzyme (MLE), which catalyse mechanistically distinct reactions 

in the degradation of aromatic acids by Pseudomonas species. These two (Ba)8-barrels 

share 214 structurally equivalent amino acids that superimpose with an rms distance of 

1.3 A between Ca atoms; 30% of these residues are chemically identical and the divalent 

metal ions co-ordinated by the two active sites superimpose to within 1 A (Neidhart 

et al., 1990). 
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Catalytic face 

Activity 

Stability 

Stability face 

Figure 1.2. "Division of labour" within the (~a)8-barrel. Phosphoribosylanthranilate isomerase from 
Escherichia coli is shown as an example. The active site is found on the catalytic face, at the C-termini of the ~-strands of the (~a)8-barrel. The remainder of the fold, including the short loops on at the opposite 
face of the (~a)8-barrel, is important for conformational stability. Adapted from Hocker et al. (2001b). 

The extraordinarily high levels of sequence and structural conservation between 
MR and MLE provide strong evidence for divergent evolution from a common 
precursor, yet at first glance these enzymes disregard both Horowitz and Jensen, 
possessing neither a common substrate nor a common chemistry. When their reaction 
mechanisms were considered, however, it was observed that each enzyme initiated 
catalysis by the divalent metal ion-assisted, general base-catalysed abstraction of the 
a-proton of a carboxylate anion, generating a stabilised enolate anion intermediate. 
Further, this part-reaction is shared by enolase, galactonate dehydratase, N-acylamino 
acid racemase and at least eight other enzymes either known or predicted to be 
((3a)s-barrels (Babbitt et al., 1996; Gerlt & Babbitt, 2001b). Not only does "division of 
labour" within the (f3a)s-barrel scaffold permit the evolution of catalytic diversity with 
retention of stability, then, but here too is a mechanism for that diversification: gene 
duplication and mutation, leading to the incorporation of new catalytic groups within an 
active site, coupled with retention of those groups required to catalyse a mechanistically 
difficult part-reaction or to stabilise a key intermediate. Moreover, the (f3a)s-barrel fold 
is particularly well-suited to such a strategy. Functional groups delivered from eight 
(3-strand- loop units can be positioned in the active site at virtually any position relative 
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to the bound substrate, and importantly, these functional groups and associated units of 

secondary structure can evolve with some degree of independence (Babbitt & Gerlt, 

1997). This combinatorial complexity, introduced by the ability to "mix and match" 

active site-forming units, appears to have been central to the extreme functional 

diversification of the (f3a)8-barrels. However, the hypothesis developed in this thesis -

and expounded, finally, in section 6.3 - is that this mechanism of divergent evolution is 

necessary but not sufficient to explain (f3a)s-barrel evolution. 

1.4 The (~a)s-barrels of amino acid metabolism 

Approximately 50% of the reactions known to be catalysed by (f3a)8-barrel enzymes are 

in the pathways of small molecule metabolism, and of these over one quarter are in 

amino acid metabolism (Nagano et al., 2002). The proteins analysed in this study are 

from alanine and tryptophan metabolism; in addition, (f3a)8-barrels are directly involved 

in the pathways of histidine, lysine, leucine and glutamate biosynthesis, and through 

their roles in the chorismate pathway also participate in tyrosine and phenylalanine 

synthesis (Copley & Bork, 2000). 

1.4.1 Amino acid racemases 

Bacterial cell wall synthesis requires D-alanine and the enzyme that provides an 

endogenous source of this metabolite, via the racemisation of L-alanine, is a (f3a)8-barrel. 

An homologous serine racemase has also been identified and this plays a role in a 

pathway of resistance to glycopeptide antibiotics in Enterococcus species. Based on the 

experimental results described in Chapter 2, it appears that these amino acid racemases 

have evolved in accordance with Jensen's enzyme recruitment model; this will be 

discussed further in section 2.3 .2. 

1.4.2 Tryptophan and histidine biosynthesis 

Over a decade ago, crystallographic analyses (Hyde et al., 1988; Wilmanns et al., 1992) 

revealed that three sequential steps in the synthesis of tryptophan from chorismate are 

catalysed by the (f3a)8-barrel enzymes phosphoribosylanthranilate isomerase (PRAI), 
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indoleglycerol-phosphate synthase (IGPS) and the a-subunit of tryptophan synthase 

(aTS). Despite an absence of significant sequence similarity, pairwise superposition of 

main chain atoms yielded rms deviations of 2.04 A for PRAI and IGPS, 2.42 A for IGPS 

and aTS, and 2.60 A for PRAI and aTS, suggesting divergent evolution from a common 

ancestor. Furthermore, all three enzymes share a common phosphate binding site 

comprising the j37a7 loop, the j38a8 loop and the short helix 8' found between 138 and 

a8; these regions of the (j3a)s-barrels can be superimposed with main chain rms 

deviations of -1 A (Wilmanns et al., 1991 ). 

The implication was that these (j3a)8-barrels have evolved by retrograde evolution: 

in keeping with Horowitz's hypothesis, they share a substrate binding site, and catalyse 

distinct reactions in the same metabolic pathway. However, the situation is complicated 

by the fact that the final step in tryptophan biosynthesis is catalysed by the 13-subunit of 

tryptophan synthase, which is not a (j3a)8-barrel. Moreover, the product of the aTS 

reaction - indole - is lipid-soluble and is consequently channelled from aTS to the 

13-subunit to prevent its diffusion out of the cell, a strategy more in keeping with 

evolution by enzyme recruitment than in a strictly retrograde fashion. 

Interestingly, PRAI and IGPS are structurally and functionally equivalent to two 

(j3a)8-barrel enzymes in the histidine biosynthetic pathway: N-[(5'-phosphoribosyl) 

formimino ]-5-aminoimidazole-4-carboxamide ribonucleotide isomerase (HisA); and 

imidazole glycerol phosphate synthase (HisF). While HisA and PRAI both catalyse 

Amadori rearrangements (refer also section 4.1.6), the closest structural homologue to 

the former is IGPS (Lang et al., 2000). Likewise, HisF, the enzyme analogous to IGPS 

in pathway positi~n if not in mechanism, not only possesses residual HisA activity, but 

also shows a higher structural similarity to PRAI than IGPS. Due in part to its position 

at the centre of this web of interrelationships between the (j3a)8-barrels of tryptophan and 

histidine biosynthesis, PRAI has been the focus of the majority of experimental results 

described in the following chapters. 
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1.5 (f3a)a-Barrel biotech: evolution begets revolution 

Over a period of millions of years, evolution has crafted the (~a)s-barrel scaffold 

exquisitely, endowing it with myriad functions and dispersing it throughout the 

biosphere. It is therefore hardly surprising that over a period of decades we have 

discovered (~a)s-barrel enzymes with properties we consider useful. Nor is it surprising 

that over a period of years we have begun to tinker with the scaffold ourselves, in the 

hope that we will prove as successful as Nature in engineering regio- and stereo-specific 

catalysts that act under benign conditions. Indeed, as the much-vaunted "Biotechnology 

Revolution" continues unabated, it seems entirely probable that the (~a)8-barrel will play 

a role just as prominent as it has in evolution. 

The sheer magnitude of the role of (~a)8-barrels in biotechnology is well

illustrated by considering the starch processing industry (reviewed by van der Maarel 

et al., 2002). In 1998, the European Union produced approximately 7.4 million tonnes 

of starch from maize, wheat and potato, for processing into a variety of hydrolysates 

including glucose syrups, fructose, maltodextrin derivatives and cyclodextrins. This 

processing - once carried out via acid-catalysed hydrolysis - now involves the use of 

starch-converting enzymes, and in particular the (~a)8-barrels of glycosyl hydrolase 

family 13 (the a-amylases). Starch-converting enzymes currently account for a 

staggering 30% of the world's commercial enzyme production, and are also used for 

applications such as laundry and porcelain detergent production and as anti-staling 

agents in the baking industry. While the a-amylases employed in starch processing are 

currently naturally-occurring enzymes from thermophiles such as Geobacillus 

stearothermophilus2, the enormous potential for engineering enzymes with novel 

combinations of commercially desirable properties has been recognised (reviewed by Ly 

& Withers, 1999; van der Maarel et al., 2002). 

While producing and engineering the a-amylases has direct consequences in 

applied biotechnology, the academic literature is also replete with examples of more 

2 The thermophilic bacterium previously named Bacillus stearothermophilus has recently been reclassified 
in the new genus Geobacillus (Nazina et al ., 2001). 
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fundamental redesign experiments on a variety of (j3a)s-barrel scaffolds. TIM has been 

probed extensively by site-directed mutagenesis (e.g. Williams et al., 1999) and random 

mutation (e.g. Saab-Rincon et al., 2001). A hyperthermophilic IGPS has been improved 

for activity at low temperatures (Merz et al., 2000), and the Escherichia coli IGPS has 

been stabilised for activity at high temperatures (Ivans et al., 2002). Random mutation 

has been used to alter the stereospecificity of aldolase (Williams et al., 2003) and active 

site loop replacement converted 3a-hydroxysteroid dehydrogenase to 20a

hydroxysteroid dehydrogenase (Ma & Penning, 1999). Still more examples have been 

reviewed recently (Hocker et al., 2001 b ). 

Two experiments stand out, both in terms of the potential they offer for future 

(j3a)8-barrel engineering, and also for the insights they provide into (j3a)8-barrel 

evolution. In the first, Jurgens et al. (2000) used random mutation and in vitro 

recombination to generate three HisA mutants that showed low but significant PRAI 

activity. As discussed above (section 1.4.2) HisA and PRAI catalyse analogous 

Amadori rearrangements in histidine and tryptophan biosynthesis respectively, however 

wild-type HisA lacks detectable PRAI activity. Introduction of three amino acid 

changes was sufficient for one of the mutant enzymes to complement an E. coli strain 

deficient in endogenous PRAI and therefore auxotrophic for tryptophan. On further 

analysis, only one of the three substitutions was required to abolish HisA activity and to 

impart trace PRAI activity in its place. That a single mutation was sufficient to convert 

the specificity of an enzyme from histidine biosynthesis into that for tryptophan 

biosynthesis appears to provide strong evidence for divergence from a broad-specificity 

ancestor, in keeping with Jensen's model of enzyme recruitment. The study also 

demonstrates the potential of directed evolution techniques to reveal unexpected 

solutions to engineering problems that would otherwise have proven difficult to predict 

rationally. 

More recently, Martial and co-workers reported the de novo design, synthesis and 

characterisation of an idealised 216-residue (j3a)8-barrel protein (Offredi et al., 2003). 

They built on their previous, largely unsuccessful, attempts to construct a (j3a)8-barrel 

(dubbed "octarellin") by employing a two-step design strategy. First, the (j3a)8-barrel 

backbone topology was defined and optimised by considering geometric parameters. 
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Next, the optimal combination of side chains to fit the target structure was found using 

an automated algorithm based on the dead-end elimination theorem (Dahiyat & Mayo, 

1997; and references therein). The result was a protein that showed a far UV circular 

dichroism spectrum typical of (Ba)8-barrels, that underwent co-operative thermal 

denaturation with an inflection point at 65~C, and that did not bind the hydrophobic 

probe 1-anilinonaphthalene-8-sulfonic acid (ANS), suggesting that it was not in the 

molten globule state. While the idealised barrel was only soluble at low concentrations, 

this study represents a sizeable step towards the elusive Holy Grail of protein 

engineering: de nova design of a functional protein. Again, the modular architecture and 

overall stability of the (Ba)8-barrel fold were critical components, not only hinting at a 

future when (Ba)8-barrels can be designed and synthesised to order, but also confirming 

that there are plenty of good reasons why Nature settled on and stuck with the fold so 

early in evolution. 

1.6 Small parts of a big picture 

In the following chapters I have aimed to address a number of the outstanding issues in 

the world of (Ba)8-barrels, and in particular I have used the methods of protein 

engineering in an attempt to find experimental evidence for possible pathways of 

(Ba)8-barrel evolution. This thesis is rather modular in nature, and each chapter 

therefore contains more comprehensive reviews of many of the topics introduced in the 

preceding pages. 

First, rational design and site-directed mutagenesis were used to probe the strict 

specificity of the alanine racemase from G. stearothermophilus. The results, described 

in Chapter 2, suggest both a novel mechanism for substrate specificity and also an 

evolutionary route to glycopeptide antibiotic resistance. , 

In Chapter 3, the theory behind making large, randomised libraries for directed 

evolution is investigated. Statistical analysis of the common methods of random 

mutation and in vitro recombination allowed guidelines to be established for 

constructing libraries in which useful diversity is maximised. 

CAMBRIDGE 
UNIVERSITY 

LIBRARY 
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Next, some of these guidelines were employed in constructing a library of PRAI 

variants and developing a novel in vitro selection system - plasmid display using NF-KB 

p50 fusion proteins - for use with (~a)s-barrels. Selection from a library of ~6a6 loop 

variants uncovered a truncated part-barrel corresponding to a proposed folding 

intermediate of PRAI. These results form the basis of Chapter 4. 

The biophysical characterisation of the novel truncated PRAI variant is described 

in Chapter 5. Further, the results are used as the basis of an ambitious test of the 

hypothesis that modular subdomains have played a critical role in the evolution of 

(~a)8-barrel proteins. 

Finally, in Chapter 6 the prevailing theories of (~a)8-barrel evolution are revisited. 

A number of threads from the literature and the results described in chapters 2, 4 and 5 

are integrated into a hypothesis to explain the observed pre-eminence of Wa)8-barrel 

proteins in extant biological systems. 



Chapter Two 
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2.1 Introduction 

The experimental work described in this thesis began with an attempt to elucidate a 

plausible route to the evolution of serine racemase activity from an alanine racemase 

precursor. In addition to uncovering a novel mechanism for controlling the substrate 

specificity of alanine racemase, implications for the evolution of intrinsic resistance to 

glycopeptide antibiotics in Enterococcus species became apparent. 

2.1.1 The Geobacil/us stearothermophilus alanine racemase 

The D-isomer of alanine is an essential component of the cell wall peptidoglycan layer in 

both Gram-negative and Gram-positive bacteria. Cell wall biosynthesis begins with 

UDP-N-acetylmuramic acid, to which a variety of free amino acids are added (van 

Heijenoort, 1996). A key intermediate is UDP-N-acetylmuramyl- L-Ala- D-Glu-meso

diaminopimelate- D-Ala-D-Ala, which is used to crosslink covalently the long, linear 

polysaccharides (consisting of alternating N-acetylglucosamine and N-acetylmuramic 

acid moieties) of the peptidoglycan layer. The pentapeptide-containing intermediate is 

synthesised by the addition of a D-Ala- D-Ala dipeptide to the growing amino acid chain. 

In turn, this dipeptide is produced by two enzymes: the pyridoxal 5'-phosphate (PLP) 

dependent alanine racemase (E.C. 5.1.1.1), which racemises the common L-isomer of 

alanine to D-Ala; and the D-Ala:D-Ala ligase (E.C. 6.3.2.4). 

Alanine racemases from a large number of bacteria have now been characterised. 

The enzyme was first identified in Streptococcus faecalis (Wood & Gunsalus, 1951 ), 

and first purified from Pseudomonas putida (Rosso et al., 1969). Due largely to its 

thermostability ·(which simplifies purification from heterologous hosts), the 

G. stearothermophilus alanine racemase (Alr) has been the subject of particularly intense 

study. It has been cloned and sequenced, expressed ahd purified in various E. coli 

systems, and its kinetics have been characterised (Inagaki et al., 1986; Faraci & Walsh, 

1988; Tanizawa et al., 1988). More recently, its structure has been solved at 1.9 A 

resolution (Shaw et al. , 1997), revealing a homodimer in which each 43 341 Da subunit 

consists of two domains: a (~a)8-barrel (residues 14-240) and a C-terminal domain 

(residues 241-388) essentially composed of three ~-sheets (11 strands in total). On 
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dimerisation the (~a)8-barrel of one monomer interacts with the C-terminal domain of 

the other; the active site is a cleft between these two domains (Figure 2.1 ). The cofactor 

PLP forms a Schiff base with Lys39 in the active site of the resting enzyme. 

Figure 2.1. The G. stearothermophilus alanine racemase homodimer. One subunit is coloured blue and 
purple; the other is orange and red. The two (~a)s-barrel domains are coloured orange and purple. In each 
subunit, the PLP cofactor and Lys39 (to which it is covalently attached via a Schiff base linkage) are 
drawn in ball-and-stick representation. The figure was prepared using MOLSCRIPT (K.raulis, 1991). 

2.1.2 Towards an understanding of mechanism and specificity 

Inspection of their crystallographically-determined structure led Shaw et al. (1997) to 

propose a one-base mechanism for Alr, with catalysis proceeding via the following 

steps: (i) initial transaldimination, during which the Lys39 residue covalently bound to 

PLP is displaced by the incoming amino group of the alanine substrate to generate an 

external aldimine; (ii) abstraction of the a-proton of the substrate by Lys39, producing a 

resonance-stabilised carbanion intermediate; (iii) reprotonation by Lys39, either on the 

opposite side of the a-carbon carbanion to produce the opposite enantiomer of the 

alanine substrate, or on the original side giving rise to the same enantiomer as the 

substrate; and (iv) release of the alanine product with concomitant regeneration of the 

Schiff linkage between Lys39 and PLP. However, subsequent mutagenic (Watanabe 

et al, 1999), structural (Stamper et al., 1998) and modelling (Ondrechen et al., 2001) 

analyses have demonstrated unequivocally that Tyr265' serves as the base acting to 
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deprotonate L-Ala, with Lys39 acting when the substrate is the D-isomer3
• Proton 

abstraction by either base is therefore followed by reprotonation of the substrate on the 

opposite face of the planar intermediate, generating the antipodal enantiomer of alanine 

(Figure 2.2). 
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Figure 2.2. Diagram of critical active site residues in Air. The external aldimine of PLP and the inhibitor 
(R)-1-aminoethylphosphonic acid (L-Ala-P) is shown. Stabilising hydrogen bonds are represented by 
white dashes; interactions between the substrate and the catalytic bases Lys39 and Tyr265' are indicated 
by yellow dashes. In this example, racemisation would be effected by deprotonation at Ca of the substrate 
by Tyr265', followed by reprotonation by Lys39. The figure was drawn using MOLSCRIPT, based on 
co-ordinates available from the PDB (accession code 1BDO; Stamper et al., 1998). 

The · two-base mechanism for racemisation by Air requires Tyr265' to be 

unprotonated and Lys39 to be protonated in the reaction with L-Ala, and vice versa if the 

substrate is D-Ala. A third, unidentified basic residue was therefore assumed to 

participate in returning Lys39 and Tyr265' to their original ionisation states after each 

catalytic event; catalysis would otherwise cease after a single turnover. Recent 

crystallographic analyses of Alr bound to N-(5'-phosphopyridoxyl)-L-alanine and 

N-(5'-phosphopyridoxyl)-D-alanine, which mimic the external aldimine, have provided 

evidence for a novel mechanism in which it is the substrate carboxyl group that mediates 

proton transfer between Lys39 and Tyr265' to allow subsequent turnovers (Watanabe 

et al., 2002). The authors argue that concerted deprotonation at Ca and protonation of 

3 
Note that residues denoted by a prime, such as Tyr265', are contributed to the active site from a different 

monomer than unprimed residues such as Lys39. 

1' 

i 
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the carboxylate group would allow Lys39 and Tyr265' to maintain their non-ionised 

states throughout catalysis, and that the proton on the carboxylate group would stabilise 

the carbanion intermediate. However, rapid proton transfer between Lys39 and Tyr265' 

could also be readily effected by a water molecule between catalytic cycles. Given the 

uncertainty that still surrounds proton transfer in TIM (e.g. Alagona et al., 1995), a much 

more well-studied enzyme, it is perhaps not surprising that this remains to be resolved. 

While the catalytic mechanism of alanine racemase has been the subject of a 

considerable body of research since the structure of the enzyme was determined, its strict 

specificity for alanine has received considerably less attention. Solution of the structure 

of an external aldimine form of Alr in which PLP forms a Schiff base with the inhibitor 

(R)-1-aminoethylphosphonic acid (L-Ala-P) demonstrated that there is ample space in 

the active site to accommodate larger side chains than that of alanine (Stamper et al., 

1998). The only protein atoms in the vicinity are those of the side chain of Met312', and 

the authors comment that if the structure were the D-isomer, the side chain of the 

substrate would be solvent-exposed. Therefore, no simple structural explanation for the 

observed substrate specificity is apparent. Interestingly, however, it has been reported 

that VanTc from Enterococcus gallinarum strain BM4174 shares a strikingly high level 

of sequence homology with the G. stearothermophilus alanine racemase, yet possesses a 

serine racemase activity that is required for vancomycin resistance (Arias et al., 1999). 

2.1.3 Bacterial resistance to vancomycin 

The glycopeptide antibiotic vancomycin has been widely employed as a front-line 

treatment of clinical infections by Gram-positive bacteria such as staphylococci, 

streptococci and enterococci for over 30 years. However, increased reliance on this drug 

has led to a dramatic increase in the incidence of resistant isolates, from less than 0.5% 

of nosocomial isolates in the U.S.A. in 1989 (Park et aZ:, 1997) to 12.8% of Intensive 

Care Unit (ICU) isolates and 12.0% of isolates from non-ICU inpatient areas by 2002 

(CDC NNIS System, 2002). The molecular mechanisms of resistance are therefore of 

considerable interest in light of the continuing need for glycopeptides of increased 

efficacy. 



- --------- - ~ 

Chapter 2: Rational redesign of alanine racemase 24 

Vancomycin acts via a highly specific, non-covalent interaction with the D-Ala

o-Ala dipeptide moiety of the UDP-muramyl pentapeptide precursor in peptidoglycan 

biosynthesis. Subsequent peptidoglycan chain elongation and cross-linking steps are 

inhibited, resulting in lethal cell lysis. Bacterial resistance arises through the production 

of modified peptidoglycan precursors with .reduced binding affinities for vancomycin. 

Two such substituted precursors have been identified: the depsipeptide o-Ala-D-lactate; 

and D-Ala-n-Ser (Siissmuth, 2002). Three acquired glycopeptide resistance phenotypes, 

VanA, VanB and VanD, result from the synthesis of the D-Ala-o-lactate-containing 

precursor, whereas the intrinsic resistance phenotypes Vane and VanG are characterised 

by the production of precursors ending in D-Ala-o-Ser. An acquired resistance 

phenotype in Enterococcus faecalis BM4405, VanE, has also recently been shown to 

result from the production of D-Ala- D-Ser-containing precursors (Fines et al., 1999). 

Production of the D-Ala- D-Lac depsipeptide found in VanA, VanB and VanD 

enterococci requires a D-Ala:D-Lac ligase and a dehydrogenase that reduces pyruvate to 

o-Lac. Precursors terminating in o-Ala are also removed to prevent the interaction of 

vancomycin with its target: a D,D-dipeptidase (VanX) hydrolyses D-Ala-D-Ala; and 

Van Y is a D ,D-carboxypeptidase that removes the terminal D-Ala residue from any 

pentapeptide precursors in which elimination of the D-Ala-o-Ala dipeptide has been 

incomplete (McKessar et al., 2000). 

The Vane, VanE and VanG phenotypes are characterised by resistance to a low 

level of vancomycin but susceptibility to the related glycopeptide teicoplanin. The vane 

gene cluster of Enterococcus gallinarum BM4174 (Arias et al., 2000a), vane-2 of 

Enterococcus casseliflavus A Tee 25788 (Dutta & Reynolds, 2002), vanE of E. faecalis 

BM4405 (Abadfa .Patifio et al., 2002) and vanG of E. faecalis WCH9 (McKessar et al., 

2000) have been cloned and sequenced. The most well-characterised of these is the 

vane operon from E. gallinarum BM4174. It encodes fiv,e proteins, three of which have 

been shown to be necessary and sufficient for Vane-type resistance: the ligase Vane-I 

synthesises the modified dipeptide o-Ala-o-Ser; VanXY c is a bifunctional 

D,D-dipeptidase- carboxypeptidase which hydrolyses any "susceptible" dipeptide or 

pentapeptide precursors ending in o-Ala; and VanT c is a serine racemase responsible for 

the production of D-serine (Arias et al., 2000a). Sequence homologues of these have 

also been identified in the vane-2, vanE and vanG clusters, confirming a common 
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mechanism for glycopeptide resistance in which an endogenous source of o-Ser is of 

central importance. 

2.1.4 Insights into alanine racemase specificity 

Identification of the serine racemase VanT in four vancomycin-resistant Enterococcus 

species has provided a new avenue for investigating the observed substrate specificity of 
alanine racemase. VanTc from E. gallinarum BM4174 has been cloned, sequenced and 

expressed in E. coli, revealing an open reading frame encoding a protein of 698 amino 
acids with a relative molecular mass of 78 536 (Arias et al., 1999). The N-terminal 
domain (residues 1-322) contains ten predicted transmembrane segments and anchors 
the protein in the bacterial cell membrane; the C-terminal domain (residues 323-698) 

shows 31 % identity and 66% similarity with the sequence of the G. stearothermophilus 

alanine racemase (Figure 2.3). Comparative modelling of VanTc using the structure of 
Alr as a template (Arias et al., 1999) suggested a high overall level of structural 

homology and an especially striking degree of conservation in the active site residues of 
the two proteins, including the two catalytic bases Lys39 and Tyr265' (residues Lys371 

and Tyr597' in VanTc). 

In addition to covalent attachment via its Schiff base linkage with Lys39, a large 
number of hydrogen bonds fix PLP rather rigidly in the active site of Alr (Figure 2.4). 

In particular, the three oxygen atoms of the cofactor phosphate group are involved in an 
extensive network of hydrogen bonds involving Tyr43, Ser204, Gly221, Ile222 and 

Tyr354 (Stamper et al. , 1998). The only residue which interacts with PLP in Alr and 
which is not strictly conserved in the known VanT enzymes is Tyr354, which is replaced 

by an asparagine in all four of the serine racemases (Figure 2.3) . Comparative 

modelling of the Alr and VanT c active sites suggests that the shorter side chain of this 
asparagine would not be able to hydrogen bond to the phosphate oxygen atom of PLP. It 

therefore seemed plausible that Tyr354 might play some role in defining the substrate 
specificity of Alr, rather than the · simple cofactor binding role implied by 
crystallography. 
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Figure 2.3. ClustalW sequence alignment of G. stearothermophilus Air with the serine racemase domains 
of the four known VanT enzymes: VanTc from E. gallinarum BM4174; VanTc.2 from E. casseliflavus 
ATCC 25788; VanTE from E. faecalis BM4405; and VanTG from E. faecalis WCH9. Conserved active 
site residues are labelled, and the position ofTyr354 in Air is marked with an asterisk. 
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His200 

Figure 2.4. Schematic representation of the active site of Alr. The internal aldimine form of the enzyme 
(with PLP in a Schiff base linkage to Lys39) is shown. Dashed lines represent hydrogen bonds; in 
addition to those shown, the backbone nitrogen atoms of Gly22 l and Ile222 are within hydrogen bonding 
distance of the phosphate oxygen atoms also bonded by Ser204 and Tyr43 respectively (these have been 
omitted for clarity). Figure from Shaw et al. (1997). 

In this chapter, site-directed mutagenesis has been used to analyse the role of 

Tyr354 in Alr and to explore the significance of the asparagine-for-tyrosine (Y354N) 

substitution found in the VanT serine racemases. Tyr354 has been replaced with alanine 

to open an additional pocket in the active site and with asparagine and glutamine to 

mimic VanT while allowing for inaccuracies in modelling one active site (VanTc) based 

on another (Alr). The results suggest that Tyr354 defines the strict specificity of Alr for 

alanine by preventing turnover of other potential substrates. 
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2.2 Results 

2.2.1 Site-directed mutagenesis of Tyr354 

The alr gene had previously been amplified from G. stearothermophilus strain 10339 
genomic DNA, and cloned into the expression plasmid pJW45 under the control of the 
IPTG-inducible tac promoter (Figure 2.5; a gift from J. Weisner). A hexa-histidine tag 

had also been added to the C-terminus, to facilitate protein purification by immobilised 

metal affinity chromatography (IMAC). This had previously been shown not to affect 
the activity of the recombinant protein. 

Hindi/I 

\ 

pJW45 (4700 bp) 

Ndei~ 

" 

Lact, 

Figure 2.5. Vector pJW45 , for expression and mutagenesis of Air. The unique Ndel and Hindlll 
restriction sites originally introduced for cloning air (J. Weisner, personal communication), and used in 
this study for restriction mapping, are also shown. 

The QuikCh_ange mutagenesis method was used to replace Tyr354 in Alr with each 

of alanine, asparagine and glutamine. Amplification of the template plasmid pJW 45 
with the appropriate pairs of mutagenic primers generated the expected linear products 
( each 4 700 bp) in good yields (Figure 2.6). Subsequent digestion of the Dam

methylated parental plasmid by Dpnl and transformation of E. coli strain XLl-Blue with 

aliquots of the desalted products resulted in the growth of between 160 and 3 80 colonies 

on selective carbenicillin-containing media. 
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Figure 2.6. Products of the QuikChange mutagenesis reactions used to replace Tyr354 in Air. Lane 1. 
1 Kb Ladder DNA molecular mass standards. Lane 2. Negative control in which polymerase was 
omitted. Lanes 3-5 . Reaction products from primers designed to introduce the Y354N, Y354Q and 
Y354A mutations respectively. Whole-plasmid amplification gave the desired 4700 bp product in each 
case. 

By incorporating two translationally-silent point mutations into the pnmer

encoded sequences for the neighbouring codons GAA (Glu355) and GTG (Val356) it 
was possible to introduce a new Kpnl restriction site (GGTACC) into air. Inclusion of 
this unique site provided a diagnostic test for the presence of the desired mutations. 

Plasmid DNA was therefore prepared from two clones for each mutation, and screened 

by restriction mapping (Figure 2.7). DNA sequence analysis using primers Seq.for, 
Seq.rev and Y265F.rev confirmed the presence of the point mutations and the absence of 
secondary mutations in a single clone for each of the three mutants. The sequenced 

plasmids encoding Y354A-Alr, Y354N-Alr and Y354Q-Alr were designated pWP201, 

p WP202 and p WP203 respectively. 

bp 

3054 
2036 
1636 

1018 

5061517 

1 2 3 4 5 6 7 8 9 10 11 12 

...... ----··--.. . -------

13 14 15 16 17 1819 20 21 22 23 

.. --~-------
~ -- -~----- .._ 1187 bp 

..--1070 bp 

Figure 2.7. Restriction enzyme analysis of selected pWP201, pWP202 and pWP203 clones. Lanes 1-7. 
KpnI-digested DNA from pJW45, clones pWP201-1 and pWP201-2 (encoding Y354A-Alr), clones 
pWP202-1 and pWP202-2 (Y354N-Alr), and clones pWP203-1 and pWP203-2 (Y354Q-Alr) respectively. 
Lanes 8, 16. 1 Kb Ladder DNA molecular mass standards. Lanes 9-15 . KpnI!NdeI-digested DNA from 
pWP201 -l, pWP201-2, pWP202-l, pJW45, pWP202-2, pWP203-1 and pWP203-2. Lanes 17-23. 
NdeI!HindIII digestion products from pJW45, pWP201-l, pWP201-2, pWP202-l, pWP202-2, pWP203-l, 
and pWP203-2. With the exception of clone pWP203-l (lane 14), the restriction patterns match those 
expected; critically, the mutagenised clones are restricted by KpnI, whereas pJW45 (lane 12) is not. 
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2.2.2 Expression and purification of the Air mutants 

The three Tyr354 mutants of Alr and the wild-type protein were expressed and purified 

in our laboratory by Jan Weisner. Briefly, protein over-expression in mid-log phase 

E. coli XLl-Blue cultures was induced by addition of IPTG to 100 µM. The 
(His)6-tagged proteins were purified to apparent homogeneity, as judged by SDS-PAGE 

(Figure 2.8), by metal chelate chromatography on a HiTrap column (Amersham 
Pharmacia Biotech) charged with Ni2

+. Use of the (His)6-tag precluded co-purification 
of the endogenous E. coli alanine racemase. Yields of the purified protein were typically 
in the order of 0.5-1.0 mg per 100 mg cells (wet weight) and absorbance measurements 
to estimate protein and PLP concentration (section 2.4.2.8) demonstrated cofactor 
loading of 85-95% for Alr and for each Tyr354 mutant (J. Weisner, personal 

communication). For the activity assays and kinetic analyses described below, the 

concentration of each protein was normalised on the basis of its cofactor loading. 

kDa 2 3 4 5 

66.4 

55.6 

42.7 

36.5 

26.6 

20.0 

Figure 2.8. SOS-PAGE analysis of protein samples expressed and purified by Jan Weisner. Lane 1. 
Broad Range molecular mass standards. Lanes 2-5. Approximately 2 µg of each of Y354Q-Alr, Y354N
Alr, Y354A-Alr and Air respectively. 

2.2.3 Serine racemase activity assays 

The racemase activity of each purified protein was initially assessed at a fixed substrate 
concentration of 40 mM L-Ser. The assay employed was _modified from that previously 

described for the serine racemase isolated from rat brain (but unrelated in sequence to 

Alr or VanT; Wolosker et al, 1999a; 1999b ). After a suitable incubation period (20 min) 
the degree of racemisation was determined in a coupled assay, in which hydrogen 
peroxide produced by D-amino acid oxidase (DAAO) acting specifically on the product 
D-Ser was quantified by its peroxidase-catalysed reaction with the chromogenic substrate 
o-phenylenediamine (OPD). 
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As displayed in Figure 2.9, each of the three mutant enzymes showed a specific 

activity on L-Ser which was 51- to 81-fold higher than that of wild-type Alr. This 

immediately appeared to confirm the hypothesis that Tyr354 plays a role in restricting 

the substrate range of Alr. The highest serine racemase activity was shown by the 

Y354N-Alr mutant, which is particularly interesting in light of possible mechanisms for 

the evolution of an ancestral VanT-like serine racemase activity in response to 

vancomycin-induced selection pressures. The kinetic parameters of this mutant were 

consequently analysed in more detail. 
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Figure 2.9. Serine racemase activities of wild-type and Tyr354 mutant Air enzymes, represented 
graphically (left) and tabulated (right). Activities were measured at a substrate concentration of 40 mM 
L-Ser and data represent the means of four independent assays, each done in duplicate, ± the standard error 
of the mean (S.E.M.). 

2.2.4 Michaelis-Menten parameters for Air and Y354N-Alr 

A previous analysis of Alr had shown that, as expected, it obeyed Michaelis-Menten 

kinetics for the racemisation of alanine (Faraci & Walsh, 1988). The Michaelis-Menten 

(KM) and turnover number (kcat) constants for Alr and Y354N-Alr acting as both alanine 

and serine racemases were therefore determined by using the assay described in section 

2.2.3, with some further modifications to ensure steady state conditions. In particular, 

the incubation time for racemisation was shortened to 6 min to ensure that the final 

product concentration remained less than 10% of the initial substrate concentration. For 

each enzyme, a range of substrate concentrations corresponding to approximately 

10%-200% of the KM value were assayed in parallel. Typical Lineweaver-Burk 

analyses for the serine assays are shown in Figure 2.1 0, and the results from triplicate 

assays for both L-Ala and L-Ser racemisation are tabulated in Table 2.1. 

I I 
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Figure 2.10. Typical Lineweaver-Burk plots from assays for the racemisation of L-serine to D-serine by 
Air (red) and Y354N-Alr (green). Each plotted datum represents the mean of duplicate samples and the 
concentration of enzyme used in each experiment was 2.5 µM (Air) or 40 nM (Y354N-Alr). The fitted 
lines shown generated r2 values of 0.98 (Alr) and 0.96 (Y354N-Alr). Extrapolation of these lines allowed 
values for KM and k,01 (via the relationship V max = k,a,-[enzyme]) to be estimated. Repeating such 
experiments three times yielded the data compiled in Table 2.1 . 

Enzyme L-Ala ....,. D-Ala 
KM(mM) k cal (min"1

) kca,IKM (min·1 .mM"1
) 

Air• 4.4 ± 0.2 1.1 ± 0.1 X 105 2.5 X 104 

Al? 2.3 ± 0.1 5.1 ± 0.2 X 104 2.2 X 104 

Y354N-AI? 9.4 ± 0.3 4.8 ± 0.2 X 104 5.1 X 103 

'Previously reported (Faraci & Walsh, 1988); nd = not determined. 
b Results from this study. 

L-Ser --+ o-Ser 
KM(mM) k cal (min"1

) kca,IKM (min·1.mM-1
) 

nd• nd• nd• 
110± 10 9.2 ± 0.9 X 102 8.4 
75 ± 6 3.9 ± 0.1 X 104 520 

Table 2.1. Steady state parameters for racemisation of L-Ala and L-Ser by Air and Y354N-Alr. Values 
from this study are listed as the mean± S.E.M. (n = 3), and each independent value represents the mean of 
duplicate assays. 

2.3 Discussion 

2.3.1 A novel mechanism for controlling substrate specificity 

The results of the steady-state kinetic analyses (Table ~-1) confirm the efficacy of 

Y354N-Alr as a racemase with dual specificity for L-alanine and L-serine. Introduction 

of the Y354N mutation had a negligible effect on the turnover number for L-Ala 

racemisation, though it resulted in a four-fold increase in KM, possibly attributable to 

co-operative effects on substrate binding in an altered active site environment. A 

considerably more pronounced effect was observed when L-Ser was the substrate, with 

Y354N-Alr displaying a racemase activity (as measured by kca/KM) 62-fold higher than 
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the wild-type enzyme and a turnover number for L-Ser comparable to that of wild-type 
Alr acting on L-Ala (Table 2.1). The ratio of the kcailKM values for wild-type Alr 

suggests a preference for L-Ala as a substrate over L-Ser by a factor of 2600-fold; this is 
relaxed to favouring L-Ala only ten-fold in Y354N-Alr. Interestingly, this preference 

has been relaxed even further in VanTc, t.o the extent that activity against L-Ala is 
six-fold lower than against vSer (Arias et al., 2000b). Significantly, the data presented 

here demonstrate that the broadening of specificity observed in Y354N-Alr is due to a 
newly-introduced ability to turn over L-Ser, rather than loss of activity against L-Ala; the 

KM of this enzyme for L-Ser is only slightly improved over that of wild-type Alr. 

Given that Tyr354 plays no direct role in catalysis, initially it appeared counter

intuitive that its mutation to asparagine should lead to a 42-fold increase in the kcat for 
L-Ser (Table 2.1 ). However, by considering the catalytic mechanism of Alr alongside 

structural data, the increased serine racemase activity observed for Y354N-Alr can be 
rationalised. The active site architecture of Alr in the PLP-L-Ala-P external aldimine 

form suggests that neither Tyr3 54 nor any other active site residue physically blocks the 
binding of amino acid substrates other than alanine (Stamper et al., 1998). This is 

consistent with the observation that the Y354N mutation had a relatively minor effect on 

the KM for L-Ser and with the fact that DL-cycloserine is a known inhibitor of Alr. 

Mechanistically, the next step after formation of the external aldimine involves 

abstraction of the a-proton of the substrate by either Lys39 or Tyr265' (depending on 

whi.ch substrate enantiomer is bound) to generate a planar intermediate that is stabilised 
by delocalisation of the negative charge over the pyridoxal ring. Critically, formation of 

this intermediate requires rotation of the substrate side chain such that it becomes 
oriented in the plane of the PLP ring, pointing directly towards the side chain of Tyr3 54 

(Figure 2.11); simple space-filling models suggest that the presence of any side chain 
larger than the methyl group of alanine would result in significant steric hindrance of 

this process. It therefore becomes apparent that the sp~cificity of Alr for alanine is 

determined largely by the presence of Tyr3 54 in a subtle blocking role, preventing 
intermediate formation and subsequent catalytic turnover of larger substrates. 
Consistent with this model, the data presented here show the principal effect of the 

Y354N mutation is on turnover, rather than on KM. 
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PLP-L-Ala-P 

Lys39 

Tyr43 

Tyr354 

Figure 2.11. Co-ordination of the phosphate group of PLP in G. stearothermophilus Air by active site 
residues Tyr43, Ser 204 and Tyr354. The PLP-L-Ala-P external aldimine (Stamper et al., 1998) is shown; 
note that the methyl side chain of the inhibitor (with Van der Waals radius drawn) will rotate towards 
Tyr354 in attaining an intermediate planar with the pyridoxal ring of PLP. The figure is reproduced 
courtesy of J. Blackbum. 

Two further corollaries can be drawn from this observation. First, it seems 

probable that the PLP phosphate is already held rigidly in place by its hydrogen bonding 

interactions with Tyr43 and Ser204 (2. 7 A and 2.5 A respectively in the external 

aldimine form of Air; Stamper et al., 1998). It follows that the primary role of the 

Tyr354-PLP hydrogen bond is not immobilisation of the cofactor as previously 

supposed, but rather in anchoring the side chain of Tyr354 in this specificity

determining orientation. Construction and analysis of the Y354F mutant of Alr would 

address the role of this hydrogen bond directly; little or no effect on activity against 

L-Ala would be expected. Second, the observation that Y354N-Alr was the most active 

mutant analysed may imply an additional role for the asparagine side chain in stabilising 

a transition state or intermediate in serine racemisation, perhaps through provision of 

additional hydrogen bonds to the serine side chain hydroxyl group. Testing the Alr 

mutants for their abilities to racemise a range of other amino acid substrates may enable 

this hypothesis to be confirmed. 

2.3.2 The evolution of vancomycin resistance 

The data presented here provide experimental support for one avenue by which intrinsic 

resistance to vancomycin might have been acquired in susceptible Enterococcus species. 

At the genetic level, a single base substitution (IA Y -AA Y) is sufficient to confer 
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substantial serine racemase activity on Alr without seriously compromising alanine 
racemase activity, in tum suggesting that Y354N-Alr represents an intermediate in the 
evolution of an ancestral VanT-like enzyme. This interconversion between enzymes in 
distinct metabolic pathways by a single amino acid substitution is exactly analogous to 
the isolation of a HisA variant with trace PRAI activity (Jurgens et al., 2000; section 
1.5). It is also in accordance with a model of pathway evolution by recruitment of broad 
specificity ancestral enzymes to more specialised roles in unrelated "modem" pathways 
(Jensen, 1976; section 1.3.2). A plausible evolutionary pathway for the evolution of 
vancomycin resistance is therefore proposed below. 

1 . The ancestral enzyme in Enterococcus was a cytoplasmic alanine racemase, 
necessary for peptidoglycan biosynthesis in susceptible bacteria. Given the 
widespread conservation of alanine racemase functionality and general acceptance of 
the hypothesis that pathways of antibiotic production and resistance evolved late 
compared with those of central metabolism, this seems indisputable. 

2. One possibility was that this ancestral enzyme has simply broadened its specificity, 
via a tyrosine-to-asparagine mutation, to play dual roles in the cell. However it has 
been shown that E. gallinarurn BM4174 produces both a cytoplasmic alanine 
racemase and a membrane-bound serine racemase (Arias et al., 1999), suggesting a 
gene duplication event. This duplication is likely to have occurred before acquisition 
of the Y354N-Alr-like phenotype. It is noteworthy that E. coli and Salmonella 

enterica serovar Typhimurium each have two extant alanine racemases, ascribed 
separate roles in cell wall biosynthesis and D-alanine catabolism (Faraci & Walsh, 
1988); this argues for an early duplication of racemase function amongst enteric 
bacteria. Further, gene duplication after a Y354N-like broadening of substrate 
specificity would require a mutation back to tyrosine in the gene for the 
Enterococcus alanine racemase - not impossible, but yvilliam of Occam is unlikely 
to have been too impressed. 

3. Duplication of alanine racemase allowed mutation in one copy by removing strict 
functional constraints. Rudimentary serine racemase activity was introduced by a 
solitary point mutation giving rise to the asparagine-for-tyrosine substitution 
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recapitulated in this study. While retention of alanine racemase activity was not an 

absolute requirement at this point, neither was it likely to be deleterious. 

4. The function of the V anT transmembrane domain remains to be elucidated, although 

it has been proposed that it might play a role in the uptake of exogenous L-serine for 

subsequent racemisation (Arias et al., 1999). If this were the case, considerable 

selection pressure for gene fusion between the racemase and transmembrane 

domains may have existed. The data presented here (Table 2.1) demonstrate that the 

turnover number of Y354N-Alr for L-serine closely matches that of wild-type Alr for 

L-alanine, so presumably a proto-VanT carrying an analogous mutation would be 

able to synthesise physiologically relevant levels of D-serine, albeit inefficiently due 

to the high KM. One way to circumvent this inefficiency would be through 

increasing the local concentration of the substrate, i. e. by channelling extracellular 

L-serine into the cell via a membrane-bound channel or carrier in close association 

with the racemase. In keeping with the hypothesis of Jensen (1976), a gene fusion 

event would also be favourable as it would channel exogenous L-serine into the 

"new" racemisation pathway required for glycopeptide resistance, rather than 

allowing it to be depleted by the "old" pathways of amino acid metabolism. In this 

regard, it is also interesting to note that a recent survey of domain fusion events 

within 30 completely sequenced genomes showed that fusions involving a/!3-type 

folds, including (f3a)s-barrels, have been particularly frequent throughout evolution 

(Hua et al., 2002). Certainly, then, the VanT domain fusion proposed here is not 

evolutionarily implausible. 

5. Having achieved catalytic turnover of L-serine, the next step in the evolution of 

VanT would -logically involve improvement in the recognition of serine, not 

necessarily at the expense of alanine racemisation; it is perhaps relevant in this 

regard that Van Tc retains significant racemase acti\:ity against alanine ( -18% of 

serine racemase activity; Arias et al., 2000b ). Under life-or-death selection pressure 

from exposure to vancomycin, this optimisation of activity against serine could have 

been rapid. With evolution of a catalytically-competent serine racemase, the 

selection pressure for substrate channelling (step 4 above) is largely removed. It is 

therefore possible that the next step in the evolution of extant VanT enzymes will be 
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the genetic separation of the two domains; it would be of interest to carry this out in 

the laboratory to investigate its effect on glycopeptide resistance. 

The scheme proposed above concerns the evolution of serine racemase activity; 

fundamentally, however, the ability to produce D-serine alone does not confer resistance 

to vancomycin or other glycopeptide antibiotics. The evolution of a D-Ala:D-Ser ligase 

is also required, and must have paralleled the emergence of VanT. Interestingly, one of 

the last unanswered questions in characterising E. coli peptidoglycan biosynthesis is to 

explain why it has two genes, ddlA and ddlB, coding for distinct but functionally similar 

D-Ala:D-Ala ligases (van Heijenoort, 1996). It seems that wholesale duplication of 

genes involved in cell wall synthesis may have occurred early in evolution, perhaps to 

ensure high-level, constitutive expression during cell growth and division in the absence 

of more complex regulatory mechanisms. While the glycopeptide-resistant enterococci 

used this duplication to drive evolution of two alternate pathways for peptidoglycan 

synthesis (i. e. those characterised by precursors terminating in D-Ala-D-Lac and in 

D-Ala-D-Ser), E. coli and S. enterica serovar Typhimurium did not, or at least are yet to 

do so. 

In summary, a novel and key role of an active site residue in controlling the 

substrate specificity of alanine racemase by sterically blocking turnover, rather than 

binding, of alternate substrates has been identified. In addition, I have provided 

experimental support for the evolutionary relationship between alanine racemase and 

VanT. These results have been published (refer Appendix A). The evolution of PLP

dependent enzymes, including those which have a (~a)8-barrel domain and those which 

do not, will also be revisited in Chapter 6. 
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2.4 Materials and Methods 

2.4.1 Materials 

2.4.1.1 Chemicals 

o-Alanine and L-alanine were from Aldrich Chemical Company. Deoxynucleoside 
triphosphate set (dNTPs) was from Amersham Pharmacia Biotech. 30% acrylamide/bis 
solution (37.5:1, acrylamide : N,N'-methylene-bis-acrylamide) was from Bio-Rad. LB 

broth, tryptone and yeast extract were from Difeo. Micro agar was from Duchefa. 

Ammonium persulfate and Coomassie Blue R250 were from Fisher Scientific. Agarose 

( electrophoresis grade) and 1 Kb Ladder DNA molecular mass markers were from Gibco 
BRL. Carbenicillin ( disodium salt) was from Melford Laboratories. Broad Range 
Protein Marker was from New England Biolabs. Bromophenol blue, 

2-[N-cyclohexylamino]ethanesulfonic acid (CHES), dimethyl sulfoxide (DMSO), 

ethidium bromide, glycine, lauryl sulfate (SDS), a-phenylenediamine dihydrochloride 
(OPD), o-serine, L-serine and N,N,N',N'-tetra-methyl-ethylenediamine (TEMED) were 

from Sigma Chemical Company. All other chemicals used were analytical grade. 

2.4.1.2 Enzymes 

o-Amino acid oxidase and horseradish peroxidase were from Sigma Chemical 
Company. PfuTurbo DNA polymerase was from Stratagene. Restriction enzymes were 

from New England Biolabs. 

2.4.1.3 Escherichia coli strain XL 1-Blue 

E. coli XLJ-Blue _(Bullock et al., 1987) was used for all cloning and protein expression 
experiments. Its genotype is as follows : F': :TnJ O proA + B+ lac/I t1.(lacZ)Ml 5/recAJ 

endAJ gyrA96 (Nair) thi hsdR17 (rK-mK+) supE44 re/Al lac. 

2.4.1.4 Plasmids used and constructed in this study 

Plasmid 
pJW45 
pWP201 
pWP202 
oWP203 

Description 
pUC19 derivative containing air under control of the tac promoter (a gift from J. Weisner). 
pJW45 containing air carrying the Y354A mutation. 
pJW45 containing air carrying the Y354N mutation. 
pJW45 containing air carrying the Y354Q mutation. 
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2.4.1.5 PCR and sequencing primers 

Primer Name 
Y354A.for 
Y354A.rev 
Y354N.for 
Y354N.rev 
Y354Q.for 
Y354Q.rev 
Seq.for 
Seq.rev 
Y265F.rev 

Sequence (5' ~ 3') 
GGA AAC GAT CAA CGC CGA GGT ACC TTG CAC GAT CAG C 
GCT GAT CGT GCA AGG TAC CTC GGC GTT GAT CGT TTC C 
GGA AAC GAT CAA CAA CGA GGT ACC TTG CAC GAT CAG C 
GCT GAT CGT GCA AGG TAC CTC GTT GTT GAT CGT TTC C 
GGA AAC GAT CAA CCA GGA GGT ACC TTG CAC GAT CAG C 
GCT GAT CGT GCA AGG TAC CTC CTG GTT GAT CGT TTC C 
TGT GTG GAA TTG TGA GCG 
GGT TCC GCG CAC ATT TCC 
GTA CGT CGC ACC AAA GCT TAC CTT TTC GCC 

2.4.1.6 Miscellaneous 

39 

Acrodisc® syringe filters (0.2 µm) were from Gelman Laboratory. The QIAquick Gel 

Extraction Kit, QIAquick PCR Purification Kit and QIAEXII Gel Extraction Kit were 

from Qiagen. All centrifugation was carried out in Beckman 12-21, Jouan A14 or Jouan 

CR3i centrifuges. MacVector™ software (Accelrys Inc.) was employed in the analysis 

of DNA and protein sequences. 

2.4.2 Methods 

2.4.2.1 General 

Unless otherwise stated, all solutions were prepared with distilled, deionised, filtered 

water (Milli-Q) and stored at room temperature or at 4°C. All autoclaving was at 121 °C 
for 20 min. 

2.4.2.2 Bacterial culture media 

Luria-Bertani medium (LB), SOB medium and SOC medium were used in this study. 

LB was as described by Sambrook et al. (1989), with the omission of NaOH. SOB 

medium consisted of tryptone (2%, w/v), yeast extract (0.5%, w/v), NaCl (10 mM) and 

KCl (2.5 mM). SOC medium was identical to SOB, except that it contained additional 

glucose (20 mM), MgCh (10 mM) and MgS04 (10 mM). Carbenicillin (100 µg.mr 1
) 

was added as required for selection. Unless otherwise stated, bacterial cultures were 

grown at 37°C with a shaking rate of 230 rpm. 
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2.4.2.3 Maintenance of bacterial strains 

Long term storage of stationary phase E. coli cultures was in 25% (v/v) glycerol at 
-80°C. For short term use, E. coli was plated onto LB. Plates contained 1.5% (w/v) 
agar. 

2.4.2.4 General molecular biology methods 

Agarose Gel Electrophoresis 

DNA was mixed with loading buffer (6x concentration: 0.25% (w/v) bromophenol blue, 
40% (w/v) sucrose, 20 mM EDTA, pH 8.0) and size-fractionated in gels of 
0.75% (w/v), 1.0% (w/v), 1.5% (w/v) or 2.0% (w/v) agarose, as described by Sambrook 
et al. (1989). TBE running buffer (90 mM Tris-HCl, 90 mM boric acid, 2 mM EDTA) 
containing 0.5 µg.mr 1 ethidium bromide was used. A constant voltage of 80-110 V was 
applied until the dyefront had migrated at least two-thirds of the way through the gel. 
Fragments were visualised on a 3UV™ transilluminator (UVP). 

Gel Extraction and Desalting of DNA 

DNA fragments to be purified after size fractionation were excised from agarose gels 
with sterile razor blades and recovered with either the QIAquick or the QIAEX II Gel 
Extraction Kits, according to the manufacturer's protocol. The QIAquick PCR 
Purification Kit was also used for desalting DNA preparations as required. 

Digestion of DNA 

Digestion of DNA with restriction enzymes was performed as outlined by Sambrook 
et al. (1989). All digestion reactions were performed at 37°C. 

Oligonucleotide Synthesis 

Oligonucleotide primers were synthesised on an Expedite™ Nucleic Acid Synthesis 
System from PE Biosystems, by Dr. Charles Hill of the Protein and Nucleic Acid 
Chemistry Facility, Department of Biochemistry, University of Cambridge. 
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Sequencing of DNA 

DNA sequencing was carried out by Mr. John Lester of the DNA Sequencing Facility at 

the Department of Biochemistry, University of Cambridge, using an ABI Prism™ 3700 

automated sequencer from PE Biosystems. Typical results gave 500-700 nucleotides of 

readable sequence. 

2.4.2.5 Plasmid DNA preparation 

Purification of Small Quantities of Plasmid DNA from E. coli 

A QIAprep Spin Miniprep kit (Qiagen) was used to purify small quantities of plasmid 

DNA (less than 10 µg) from 1-5 ml cultures of E. coli, according to the manufacturer's 

protocol for use with a microcentrifuge. 

Purification of Large Quantities of Plasmid DNA from E. coli 

Large quantities of plasmid DNA ( at least 100 µg) from 100 ml cultures of E. coli were 

prepared using the Plasmid Midi kit from Qiagen. 

2.4.2.6 Transformation of E. coli with plasmid DNA 

Preparation of Electrocompetent E. coli Cells 

E. coli XL 1-Blue cells competent for transformation by electroporation were prepared 

using a protocol based on that described by Hanahan et al. (1991 ). A single colony was 

used to inoculate 5-10 ml of LB and grown to stationary phase (12-16 h). This starter 

culture was in turn used to inoculate 500 ml of SOB medium. The culture was grown at 

37°C for a further 2-3 h, until it had reached an OD600 of 0.4-0.6. The culture was then 

chilled at 4 °C for 30-45 min before the cells were harvested by centrifugation (2500 g, 

10 min, 4°C). The cell pellet was washed and re-centrifuged, first in approximately 

100 ml ice-cold 10% (v/v) glycerol, then in approximately 50 ml and finally in 10 ml. 

The washed cell pellet was resuspended in 1 ml ice-cold 10% (v/v) glycerol and stored 

at -80°C as 50 µl aliquots. Transformation efficiency was assessed by electroporating 

an aliquot of the cells with 10 pg pUC19 DNA (Stratagene), and was routinely observed 

to be > 109 colony forming units per microgram of plasmid DNA. 
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nsformation by Electroporation 

ansforrnation of competent E. coli XLI-Blue cells was carried out using the high

fticiency electroporation method described by Hanahan et al. (1991). Plasmid DNA 

added to a 50 µl aliquot of cells and chilled on ice in a sterile Gene Pulser cuvette 

io-Rad, 0.1 cm electrode gap). The sample was electroporated at 1.25 kV, 

.Q. and 25 µFin a Gene Pulser unit with Pulse Controller (Bio-Rad). SOC medium 

1 ml) was added to the cells immediately following electroporation. The culture was 

overed by incubation at 37°C, 250 rpm for 45-60 min, before aliquots were plated 

to LB medium. Transformants were selected on the basis of conferred resistance to 

benicillin (100 µg.m'r1). 

.2.7 QuikChange mutagenesis 

e Y354A, Y354N and Y354Q mutations were introduced into alr using the 

· Change method (Stratagene, La Jolla, USA). Polymerase chain reactions used two 

mplementary primers (Y354A.for/Y354A.rev; Y354N.for/Y354N.rev; Y354Q.for/ 

354Q.rev) for each mutagenesis. Each 50 µl PCR contained 2.5 U PfuTurbo DNA 

lymerase, 400 nM each primer, 250 µM dNTPs, 5% (v/v) DMSO and 50 ng template 

NA (pJW45) in Ix Pfu buffer containing 2 mM MgCh. Annealing temperatures for 

timal yields were determined empirically to be 55.5°C for the Y354A primer pair, 

.0°C for Y354N and 51.5°C for Y354Q. An MJ Research PTC-200 thermocycler and 

programme 95°C, 1 min; 16 cycles (95°C, 1 min; anneal, 1 min; 72°C, 10 min); 

°C, 10 min were used for amplification. Amplified products were digested with Dpnl 

lj() U) at 37°C for 2 h to remove Dam-methylated parental template DNA. The digested 

NA was desalted using the QIAEX II kit and 6 µl aliquots of each sample were used to 

sform 50 µl aliquots of E. coli XL I-Blue by electroporation. Selection of 

utagenised clones was by plating on LB-carbenicillin media . 

. 2.8 Protein quantification 

otein concentrations for enzyme assays were determined by direct absorbance 

easurements. The absorption coefficients for Alr and the mutant enzymes were 

ulated according to the following equation (Gill & von Hippe!, 1989): 

£2so = nTrpETrp + nTyrETyr + ncystineECystine 
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Transformation by Electroporation 

Transformation of competent E. coli XLI-Blue cells was carried out using the high

efficiency electroporation method described by Hanahan et al. (1991). Plasmid DNA 

was added to a 50 µl aliquot of cells and chilled on ice in a sterile Gene Pulser cuvette 

(Bio-Rad, 0.1 cm electrode gap) . The ~ample was electroporated at 1.25 kV, 

200 Q and 25 µFin a Gene Pulser unit with Pulse Controller (Bio-Rad). SOC medium 

(1 ml) was added to the cells immediately following electroporation. The culture was 

recovered by incubation at 37°C, 250 rpm for 45-60 min, before aliquots were plated 

onto LB medium. Transformants were selected on the basis of conferred resistance to 
• 

carbenicillin (100 µg.mr\ 

2.4.2.7 QuikChange mutagenesis 

The Y354A, Y354N and Y354Q mutations were introduced into alr usmg the 

QuikChange method (Stratagene, La Jolla, USA). Polymerase chain reactions used two 

complementary primers (Y354A.for/Y354A.rev; Y354N.for/Y354N.rev; Y354Q.for/ 

Y354Q.rev) for each mutagenesis. Each 50 µl PCR contained 2.5 U PfuTurbo DNA 

polymerase, 400 nM each primer, 250 µM dNTPs, 5% (v/v) DMSO and 50 ng template 

DNA (pJW45) in Ix Pfu buffer containing 2 mM MgCh. Annealing temperatures for 

optimal yields were determined empirically to be 55.5°C for the Y354A primer pair, 

50.0°C for Y354N and 51.5°C for Y354Q. An MJ Research PTC-200 thermocycler and 

the programme 95°C, 1 min; 16 cycles (95°C, 1 min; anneal, 1 min; 72°C, 10 min); 

72°C, 10 min were used for amplification. Amplified products were digested with Dpnl 

( 40 U) at 3 7°C for 2 h to remove Dam-methylated parental template DNA. The digested 

DNA was desalted using the QIAEX II kit and 6 µl aliquots of each sample were used to 

transform 50 µl aliquots of E. coli XL I-Blue by electroporation. Selection of 

mutagenised clones was by plating on LB-carbenicillin media. 

2.4.2.8 Protein quantification 

Protein concentrations for enzyme assays were determined by direct absorbance 

measurements. The absorption coefficients for Air and the mutant enzymes were 

calculated according to the following equation (Gill & von Hippel, 1989): 

E2so = nTrptTrp + nTyrETyr + ncystineECystine 
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where nTrp, nTyr and ncystine are the number of tryptophan, tyrosine and cystine residues 

respectively, and their extinction coefficients were taken as ETrp = 5690 M-1.cm-1, 

ETyr = 1280 M-1.cm-1 and Ecystine = 120 M-1.cm-1. This results in an extinction coefficient 

of £280 = 46 370 M-1.cm-1 per monomer of Alr (Trps Tyr14) and E2so = 45 090 M-1.cm-1 for 

the Tyr354 mutants (each TrpsTyr13). 

The absorbance of PLP at A = 420 nm was also used, to quantify the proportion of 

protein monomers with bound cofactor. The extinction coefficient £280 = 8450 M- 1.cm-1 

(Inagaki et al., 19 8 6) was used to estimate PLP concentration. All absorbance 

measurements were on a Uvikon 941 spectrophotometer (Kontron Instruments). 

2.4.2.9 Protein gel electrophoresis 

SDS Polyacrylamide Gel Electrophoresis 

SDS-PAGE was carried out using 12% (w/v) or 15% (w/v) acrylamide resolving gels 

and 4% (w/v) acrylamide stacking gels, as described by Laemmli (1970). Samples were 

added to the appropriate volume of 3x SDS sample buffer (New England Biolabs) to 

give a final concentration of Ix buffer, and heated at 100°C for 5 min prior to loading. 

Electrophoresis was performed with denaturing running buffer (25 mM Tris-HCl, 

192 mM glycine, 0.1% (w/v) SDS, pH 8.3) and at a constant current of between 20 mA 

and 35 mA in an EC120 Mini Vertical Gel System (E-C Apparatus Corporation), until 

the bromophenol blue dye front had run to the bottom of the gel. Broad Range 

molecular mass standards were run concurrently to allow estimation of protein size. 

Coomassie Blue IUSO Stain 

Following electrophoresis, polyacrylamide gels were stained with Coomassie solution 

(50% (v/v) methanol, 10% (v/v) acetic acid, 0.05% (w/v) ~oomassie Blue R250), for at 

least one hour. Gels were subsequently destained in 10% (v/v) methanol and 15% (v/v) 

acetic acid until the background intensity of stain was sufficiently low. 
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2.4.2.10 Enzyme assays 

Serine Racemase Specific Activity Assays 

Racemase assays were carried out essentially as described previously (Wolosker et al., 

1999b). Each reaction (100 µl total volume) was performed in 100 mM CHES pH 9.1 

and 40 mM L-serine, with 60-7000 ng enzyme. After 20 min incubation at 37°C, the 

reaction was terminated by boiling for 5 min. Controls demonstrated that this treatment 

was sufficient to inactivate irreversibly Alr and the Tyr354 mutants. The amount of 

D-serine formed was determined by adding a 10 µl sample aliquot to 90 µl colour 

development buffer, final concentrations: sodium phosphate buffer (pH 7.0), 100 mM; 

D-amino acid oxidase (DAAO), 3.6 U.mr1; horseradish peroxidase, 20 U.mr1; 

o-phenylenediarnine (OPD), 2 mg.mr1
• Colour development was for 45-60 min at 37°C, 

after which the reaction was stopped by addition of 100 µl HCl (3 M). Terminating the 

reaction in this way was found to cause unidentified salts in the DAAO preparation to 

precipitate; these were removed by centrifuging the 200 µl final volume in a 

microcentrifuge (14 OOO rpm; 1 min). A 100 µl aliquot of the clarified supernatant was 

then diluted to 500 µl with sterile MilliQ water for detection at 492 nm in a Uvikon 941 

spectrophotometer (Kontron Instruments). Quantification was by interpolation on a 

D-serine standard curve, linear over the range 0-40 nmol. Standard curves were 

constructed for each new assay, in parallel with the sample colour development 

reactions. Assay buffer, colour development buffer and amino acid stock solutions were 

sterilised by filtration (0.2 µm filter) prior to use. 

Steady State Kinetics 

Assays were as described above, except the incubation time for racemisation of either 

L-Ser or L-Ala was shortened to 6 min to ensure that final product concentration 

remained less than 10% of initial substrate concentration. Enzyme concentrations used 

in the analyses were: Alr with L-Ala, 2.0 nM; Alr with L-Ser, 2.5 µM; Y354N-Alr with 

L-Ala, 2.3 nM; Y354N-Alr with L-Ser, 40 nM. Products were quantified using D-Ala 

and o-Ser standard curves, which were constructed for each independent assay. 

Substrate ranges assayed were approximately 10%-200% of the KM value and analyses 

routinely included 5 data points. 
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Directed evolution and the statistics 

of randomised library construction 
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3.1 Introduction 

In contrast to the structure-based rational redesign strategy used in the previous chapter, 

it is becoming increasingly common to employ "blind" evolutionary strategies to probe 

and improve the properties and functions of enzymes. Such directed evolution methods 

depend on the production of molecular diversity by random mutagenesis, however the 

best ways to sample the diversity generated are not always clear. In this chapter I 

describe the use of simple statistics to analyse completeness and diversity in libraries 

generated by the most common PCR-based methods of random mutagenesis. The 

formulae derived and Fortran 77 algorithms described are the results of my collaboration 

with Dr. Andrew Firth (Institute of Astronomy, University of Cambridge); full details of 

his contribution to the mathematics are available in Appendix B. 

3.1.1 Directed enzyme evolution 

In the field of protein engineering, mimicking Darwinian evolution in vitro has emerged 

as a powerful means of generating proteins displaying novel properties and functions. 

The advantages of the approach, which involves recursive cycles of random mutation 

and selection on a pre-existing macromolecular scaffold (Figure 3 .1 ), are significant. 

Neither structural information nor a molecular basis for protein stability is required 

(thereby dramatically widening the field of candidates for engineering), and it becomes 

practicable to accumulate beneficial mutations that would otherwise have proved 

impossible to predict. 

Arnold ( 1998) lists four requirements for successfully directing enzyme evolution. 

First, the desired function or property must be physically possible. Second, the function 

should be evolutionarily feasible; that is, a mutational pathway between "here" and 

"there", via ever-improving variants, must exist. Third, one must be able to make 

complex libraries of mutants, usually necessitating functional expression in a suitable 

microorganism. Fourth, a rapid screen or selection for the desired function must be 

available. In practice, the second and fourth requirements are the most restrictive. The 

need for a plausible evolutionary pathway limits the extent of changes that will be 

selected over successive generations. For example, and in contrast to de novo design 
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approaches, in vitro evolution is unlikely to yield a protein fold substantially different to 

that of the input structure. However, similar to rational design, which requires the in 

silica evaluation of amino acid sequences and rotamer conformations, directed evolution 

inevitably involves the appraisal of large numbers of possible variants. Just how many 

of these variants can be assessed in viva or in vitro is primarily dependent on the power 

of the screen or selection employed, although in practice considerations such as the 

actual generation of a diverse, unbiased recombinant DNA library and bacterial 

transformation efficiencies can also become limiting. 

Selected gene 

Sequencing or 
further rounds of 
mutagenesis and 

selection 

• 
Protein with desired 

property 

Mutagenesis 

Selection or screen 

Library of randomly mutated genes 

• 

Protein 
expression 

• • Library of mutant proteins 

Figure 3.1. The principle of directed enzyme evolution. The gene encoding the protein to be evolved is 
randomly mutated to generate a library. Expression of the mutated proteins is followed by selection or 
screening for improvements in the desired property. Variants with the modified activity are sequenced or 
subjected to further rounds of mutagenesis and selection. Adapted from Tao and Cornish (2002). 

3.1.2 Generating molecular diversity in vitro 

The cornerstone of all directed evolution protocols is the production of molecular 

diversity by random mutagenesis, and a number of methods have been developed to 

introduce this diversity into protein-encoding genes. Early examples made use of 

chemical mutagenesis, E. coli mutator strains and ultraviolet irradiation, although 

controlling mutation rates proved problematic. The discovery that PCR fidelity could be 
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manipulated by varying the concentrations of deoxynucleotide triphosphates and 

manganese ions led rapidly to its application (Cadwell & Joyce, 1992). Indeed, the use 

of error-prone PCR ( epPCR) to generate randomly distributed point mutations remains 

standard practice, and has been refined to afford considerable control over the 

substitution rate. Low rates of mutation (typically 2-3 base substitutions per gene, 

corresponding to -1 amino acid substitution per sequence per generation) have 

traditionally been employed in the epPCR process (Arnold et al., 2001), reflecting the 

notion that natural protein evolution has been by the stepwise accumulation of point 

mutations. However, using nucleoside analogues to generate a much higher mutational 

load of 8.2-27.2 mutations per gene in the directed evolution of TEM-1 ~-lactamase has 

also proven successful (Zaccolo & Gherardi, 1999). Alternatively, randomised codons 

can be incorporated into one of the primers in the PCR mix, targeting the generation of 

diversity to specific regions of a gene (Hermes et al., 1989). The synthesis of the 

mutagenic oligonucleotide can be biased to reduce the number of variants sampled; for 

example, the 32 possible NNS codons (where N is any nucleotide and S is G or C) 

encode all 20 amino acids but only one stop codon (TAG). 

Sequential generations of random mutagenesis and selection are the in vitro 

equivalent of asexual evolution (Giver & Arnold, 1998). Deleterious mutations are 

common, and will inevitably become fixed in conjunction with beneficial mutations, 

perhaps even limiting evolutionary potential. Further, only one improved enzyme is 

used to parent the next generation; by discarding the rest, beneficial mutations can be 

lost until re-discovery in subsequent generations. DNA shuffling (Stemmer, 1994a; 

Stemmer, 1994b ), a method for in vitro recombination, has proven revolutionary in 

overcoming these limitations. Parental genes randomly mutated by epPCR are pooled 

and fragmented by DNase I. The purified fragments are extended into full-length genes 

by overlap extension; recombination occurs when fragments from different parental 

genes prime one another. By making the primerless assen:ibly reaction error-prone, even 

more variability can be introduced. Silent and neutral mutations can be removed by 

back-crossing selected DNA with the parental gene. 

DNA shuffling has proven to be an extremely flexible methodology, allowing for 

the inclusion of many different pieces of genetic information in the protocol (Figure 3 .2; 

Minshull & Stemmer, 1999). In the first demonstration of the power of a recombination-
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based approach, Stemmer (1994b) used three rounds of DNA shuffling and two cycles of 
back-crossing to evolve a TEM-1 ~-lactamase variant which conferred a level of 

cefotaxime resistance 32 OOO times greater than the parent enzyme on transformed 
E. coli. An interesting extension of the original study used sequence data and 
crystallography to contrast the in vitro evolution of TEM-1 with the emergence of 
~-lactamase-producing clinical isolates (Orencia et al., 2001). A combination of three 

mutations isolated by DNA shuffling in 1994 appeared in a ~-lactam resistant clinical 
isolate four years later, while the most active variant described by Stemmer (1994b) is 
yet to appear in the environment. 

Mutation and screening 

Random point mutations 

Structural information 

Synthetic oligonucleotide 
directed mutations 

mm 
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Figure 3.2. The adaptability of DNA shuffling. In addition to randomly-introduced point mutations, 
structural information can be used to target specific regions of a protein for mutagenesis. Genomics data 
allow the inclusion of homologous genes from other species in the shuffling reaction, generating increased 
diversity. Figure adapted from Minshull & Stemmer (1999). 

Since its first description and implementation, DNA shuffling has found 
application in an ever-increasing number of directed evolution experiments. Notable 
examples have included generating a para-nitrobenzyl esterase capable of wild-type 
activity in 30% dimethylformamide (Moore & Arnold, 1996); evolution of galactosidase 
(a large tetrameric enzyme) into a more efficient fucosidase in seven rounds of DNA 
shuffling (Zhang et al., 1997); and the evolution of a three-gene arsenic resistance 
operon to confer 40-fold increased resistance to arsenate in E. coli (Crameri et al., 1997). 
The green fluorescent protein has also been a target for directed evolution. A variant 
showing improved whole cell fluorescence, unexpectedly due to an increase in the 
solubility of the mutant, was generated in three cycles of DNA shuffling (Crameri et al. , 
1996). The evolved enzyme is now commercially available. 
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Each of the experiments described above made use of a single parental gene or 
operon. Even more dramatic results have been obtained by introducing even greater 
diversity and recombining a number of homologous genes in the DNA shuffling process. 
In the first such example, Crameri et al. (1998) shuffled cephalosporinase genes from 
four species of bacteria that were 58-82% identical at the DNA level. A single round of 
selection for resistance to moxalactam yielded a clone conferring 270- to 540-fold 
increased resistance compared with any of the parental genes. The hybrid enzyme 
contained segments from three of the four genes in addition to 33 new amino acid 
mutations. In a similar study, Kumamaru et al. (1998) recombined two biphenyl 
dioxygenase genes, generating a daughter enzyme which displayed a substrate 
specificity differing from that of either parent. This study also demonstrated that it is 
possible to direct the evolution of a single subunit in a multimeric complex. Finally, 
Ness et al. (1999) shuffled the subtilisin genes from 25 isolates of Bacillus with 
Savinase®, a leading commercial subtilisin. The 654 active clones of the resultant 
library were assayed for five properties: thermostability, solvent stability and activity at 
each of three pH values (pH 5.5, 7.5 and 10). Variants showing improvement in each of 
the properties were evolved. Furthermore, a number of the progeny enzymes were 
improved in multiple properties, and combinations of properties not found in the 
parental enzymes were generated. It was also striking that for both thermostability and 
activity at 23 °C/pH 10, the best parent was not the one closest in sequence to the best 

chimera - and would therefore probably not have been chosen as a starting point for 
rational or single-gene evolution experiments. 

Taking the principles of in vitro recombination and "irrational" design to their 
natural conclusion, two recent papers have described whole genome shuffling for the 
phenotypic improvement of bacteria. Each involved the homologous recombination of 
multiple parent strains (themselves generated by asexual approaches such as exposure to 
the mutagen nitrosoguanidine) by recursive cycles of protoplast fusion. In the first 
study, Zhang et al. (2002b) used two rounds of genome shuffling to increase production 
of the antibiotic ty lo sin by Streptomyces fradiae to levels that had previously required 20 

rounds of single-parent classical strain improvement to achieve. In a similar study, 
Patnaik et al. (2002) employed seven rounds of protoplast fusion and screening to evolve 
a poorly characterised strain of Lactobacillus to show marginally improved acid 
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tolerance, an important property for the commercial production of lactic acid. While 
strain improvement by such "hypersexual" reproduction has obvious industrial 
applications, in the absence of parallel genome sequencing projects it does not provide 
any insights into the genotypic diversity being generated or into the molecular bases of 
the evolved phenotypes; nor is it known how generally applicable the methodology will 
prove for other commercially:..important organisms such as Saccharomyces cerevisiae. 

To date, then, DNA shuffling has generally proven a robust method for generating 
molecular diversity. Two variations on this basic theme have been described, both of 
which eliminate the need for DN ase I fragmentation: random priming recombination 
(RPR; Shao et al., 1998) and the Staggered Extension Process (StEP; Zhao et al., 1998). 
RPR uses short random primers to generate fragments of varying length from the 
mutagenised template. These fragments are then assembled into full-length genes by 
overlap extension. In the StEP method, parental templates are mixed with one or more 
primers and amplified by PCR with extremely abbreviated annealing and extension 
steps. The growing fragments can switch templates on successive annealing steps, 
generating chimeric full-length genes. The general applicability of these techniques 
remains to be thoroughly tested, although StEP in particular appears to have some 
advantage in terms of technical simplicity. 

3.1.3 Theoretical considerations in library construction 

An assumption underlying all directed evolution experiments is that the amount of 
molecular diversity theoretically possible is enormous compared with our ability to 
generate and screen it. Even a small protein of 100 amino acids can be encoded by 
4300

::::: 10181 possible DNA sequences, a number vastly larger than the number of atoms 
in the observable Universe (-10 80

) , let alone the biggest protein-encoding libraries 
accessible in the laboratory (10 12-10 15 using in vitro selection methods such as mRNA 
display; see also section 4.1.2.4 ). Increasingly it is acknowledged that quantitative, 
predictive models for the processes underlying randomised library construction will be 
useful in targeting and interpreting that diversity which we are able to generate 
experimentally (reviewed in Voigt et al., 2001a). 
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Recent theoretical studies have considered both the epPCR and in vitro 
recombination methodologies. Moore and Maranas (2000) derived a matrix to predict 
the mutation rates of a sequence copied n times during an error-prone PCR. Their 
analysis accounted for both the biases reported in the original epPCR protocol (e.g. the 
prevalence of mutations introduced at A:T base pairs; Shafikhani et al., 1997) and also 
the notion that after n PCR cycles not all sequences represent n extensions of the 
parental template (e.g. of the eight single strands of DNA produced after two cycles of 
PCR, two are the original template, four result from a single extension step and two are 
the result of two extension steps). While this provided a useful conceptual framework 
for dissecting the epPCR process, it stopped short of summing the mutation probabilities 
to give an overall estimate of useful diversity in an experimentally-generated epPCR 
library; this would require base-by-base assessment of an input parental sequence, and 
would not be trivial. 

The same authors have also analysed the generation of crossovers in DNA 
shuffling in considerable detail (Moore & Maranas, 2000; Moore et al., 2001). By using 
the thermodynamics of duplex formation to model reassembly as a sequence of 
annealing events between fragments of different lengths and varying degrees of 
sequence identity, it became possible to predict the frequency and locations of 
crossovers. Consistent with the reassembly process involving competition between 
fragments to anneal with the growing template, it was found that crossovers accumulate 
in regions of high sequence identity. The effects of fragment length, annealing 
temperature and the number of shuffled parents were also investigated. The in silica 
results were in general agreement with published experimental data. A particularly good 
example was the prediction that of the four cephalosporinase genes shuffled by Crameri 
et al. (1998), one would be unlikely to be represented in the shuffled daughter variants; 
experimentally, none of the active daughter variants analysed contained sequence from 
this parent. 

While the molecular mechanics of the DNA shuffling process have been modelled 
in detail, algorithms have also been described that more directly inform strategies for 
library design. Voigt et al. (2001 b) used force field calculations and rotamer libraries to 
construct a computational "pre-screen" for identifying the residues of proteins most 
likely to tolerate substitution and therefore to yield beneficial ( or at least non-
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deleterious) mutations on randomisation. A much-simplified algorithm has also been 

reported (Voigt et al., 2002), in which fragments of proteins, or schemas, are identified 

that make minimal numbers of interactions with neighbouring schemas. It was 

hypothesised that optimal recombination points ( at which crossovers would be most 

likely to result in folded, functional daughter variants) would be those which leave each 

schema undisturbed. Initial experimental results using designed hybrids of two 

~-lactamases seemed to bear out this proposal. 

These analyses hint at the insights to be gained from a quantitative, predictive 

approach to directed evolution, in which "irrational" random mutagenesis is rationally 

targeted at subsections of sequence space. However at the same time, and with the 

possible exception of SCHEMA (Voigt et al., 2002), they are too complex to be 

generally applicable for the laboratory researcher. In this chapter, I have sought to 

address the related question of how much diversity is actually represented in randomised 

libraries. Simple statistics allow derivation of a series of widely-applicable equations 

and computer algorithms for estimating the number of unique sequence variants in 

libraries constructed by randomised oligonucleotide mutagenesis, epPCR and in vitro 

recombination. Generally, applying these algorithms provides mathematical support for 

the previously empirical guidelines which have evolved for generating randomised 

libraries in which diversity is maximised and unwanted degeneracy is minimised, 

although some new strategies for library construction also become apparent. 
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3.2 Results 

3.2.1 Oligonucleotide-directed random mutagenesis 

PCR primers in which a number of bases have been fully or partly randomised enable 
the generation of molecular diversity at specific locations in a gene. Intuitively, we 
know that randomising a greater number of codons reduces the likelihood of sampling 

all possible random variants. Here simple formulae are derived for estimating how 

many variants a given library will actually contain, and how large a library needs to be 
in order to give a fixed probability (e.g. 95%) that all possible sequence variants will be 

represented. 

Consider a library containing a number of clones L, constructed by randomising N 
base pairs and in which all possible sequence variants vi are equally probable. Since the 

variants are equally probable, the mean number of occurrences of any one variant vi in 

the library is given by 'A = LIV, where Vis the total number of possible variants. For 

'A << L (e.g. V > 10), the actual number of occurrences of any variant v; is essentially 

independent of the number of occurrences of any other variant v1, and can therefore be 
well-approximated by the Poisson distribution (refer Feller, 1968, for details): 

P(x) = e-" A' (1) 
x! 

where P(x) denotes the probability that the variant v; occurs exactly x times in the 

library. The probability that v; occurs at least once is 1- P(O) = 1- e-" = 1- e-u v. 

Hence the expected number of distinct variants in the library is 

C = V(l - e-uv) (2) 

and the fractional completeness of the library is given by F = C/V = 1- e-u v. 

As an example, let us assume that we mutate four codons in a gene using NNS 
codons in the randomisation protocol. Because there are 32 possible NNS codons, it 
follows that there are V = 324 ~ 106 possible sequence variants. If we wish to construct a 
library expected to contain, say, 95% of all the possible sequence variants then we must 
solve F = 0.95 ~ 1 - e-uv = 0.95 ~ L = - V ln0.05 ~ 3.0V. Three-fold degeneracy, 
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corresponding to 3 x 106 clones in the present example, is therefore required for a library 
that is expected to contain 95% of the 106 possible sequence variants. 

Equation 2 allows the number of variants in a given library to be estimated. A 
related but distinct problem is to calculate the required size of a library that has, say, a 
95% chance of being 100% complete. That is, while equation 2 might tell you that your 
library contains 950 OOO of 1 OOO OOO possible sequence variants (i.e . 95%), it does not 
imply that your library has a 95% chance of containing all 1 OOO OOO variants. The 
probability Pc that every variant vi is represented is: 

~ = (1 - e-LIV)V 

(refer Appendix B for more details). Solving for L gives 

L = - Vln(l - exp( 1n:c )) 

:::: - Vln(l - (1 + 1n;c )) 

=-Vln(- 1n;c) (3) 

where the approximation (i.e. ln(l + x) "" x for lxl ~ 0.05) holds provided V >> -lnPc. 
Since one is generally interested in Pc values in the order of 90-100% ( and certainly 
> 1 % ), this condition is generally true. 

Returning to the example in which four NNS codons are used to generate a 
randomised library, it is now possible to calculate the size that a library needs to be to 
have a 95% chance of containing every possible sequence variant. Solving equation 3 
for Pc = 0.95 and V = 106 gives L ~ 1.7 x 107

• In contrast, solving for a library size of 
L = 3 x 106 (i. e. that which was estimated above to be 95% complete) requires solving 
Pc = (0.95) 1000000

, evaluation of which suggests that the probability that a library of 
3 OOO OOO clones would actually contain all 1 OOO OOO distinct sequence variants is in the 
order of 10-22000 (!) . Thus a much higher level of degeneracy - approximately 17-fold in 
this example - is required to be 95% certain of sampling all possible variants . The 
degree of over-sampling required varies with the number of variants V. For example if 
five codons are randomised instead, V =: 325 ~ 3.4 x 107 and solving equation 3 for 
Pc= 0.95 shows that 20-fold degeneracy is required to be 95% certain that the library 
will be complete. 
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While it is reasonably straightforward to calculate manually library completeness 

C, or the probability Pc of having a complete library, using equations 2 and 3 above, we 

have also written a short Fortran 77 application, GLUE, to perform these calculations. 

The programme code for GLUE is given in Appendix C; it is also available to download 

at www.bio.cam.ac.uk/-blackburn/stats.html. . 

3.2.2 Error-prone PCR 

Although most recent examples of directed evolution use epPCR in conjunction with 

recombination-based strategies such as DNA shuffling, it is still commonly encountered 

as a means of generating random diversity at any position in a gene. Here, a novel 

sub-library approach has been applied in designing a simple programme, dubbed PEDEL 

(Programme for Estimating Diversity in Error-prone PCR Libraries), which assumes 

Poisson statistics to estimate the number of unique sequence variants, C, found in a 

given epPCR library. PEDEL is given in Appendix D and can also be downloaded from 

www.bio.cam.ac.uk/-blackburn/stats.html. 

The input parameters for PEDEL are the length of the template sequence, N (in 

base pairs), the size of the randomly-generated library, L, and the mean number of point 

mutations per sequence, A (it is assumed that A << N, e.g. A < O. lN). A value for A can 

be obtained experimentally by sequencing a small number of library variants and will 

typically be in the order of 2-3 nucleotide substitutions per gene per generation. 

The probability that a library variant contains exactly x mutations, given that the 

mean number of mutations per sequence is A, can be described by the Poisson 

distribution P (x) (equation 1; Cadwell and Joyce, 1992). The number of possible 

sequences differing from the parental sequence by exactly x mutations is given by 

Vx = (N)(3x) = 3x N! 
x x!(N - x)! 

(4) 

since ( :) is the number of ways of choosing x bases to mutate and each of these may 

be mutated to any of three other bases, giving the 3x term. 
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In order to estimate the total number of unique variants, PED EL divides the library 

of size L into a series of sub-libraries, each of which contains only variants with exactly 

x mutations. The expected size of each sub-library is given by Lx = P(x) x L. Since all 

sequences with exactly x mutations are equally probable, the completeness statistic Cx 

derived for cassette mutagenesis (equation 2) can be applied to each sub-library, 

substituting Vx (equation 4) for V. 

When the sub-library size Lx is small compared with the total number of possible 

variants Vx in that sub-library it may be expected that almost every member of the 

sub-library will be distinct, i. e. Cx ::::: Lx. This is the case when x is large. This 

approximation is good to within 5% for ~ < 0.1 and in turn allows the calculation of a 

threshold x value, Xu (refer to the mathematics notes in Appendix B for details), such that 

for all sub-libraries with a number of mutations x > Xu, the approximation Cx ::::: Lx is 

acceptable. For example, in a library with a total of L = 109 members, sequence length 

N = 1000 base pairs and mean mutation rate A= 4, one finds that Xu::::: 3.1 (Figure 3.3). 

= 
PED EL uses this observation to split the infinite summation C = L Cx, and hence to 

x=O 

calculate the total number of distinct variants in a given epPCR library. Conversely, 

when x is small enough, Lx will be large compared with Vx and we may expect the sub

library to sample nearly all possible variants, i. e. Cx ::::: Vx. Indeed, in the vast majority of 

scenarios encountered experimentally, there is at most one x value for which one or 

other of these approximations is not valid. Examples of how C varies as a function of 

mutation rate A, library size Land template sequence length N are shown in Figure 3.4. 

1 o• 
1 o• N = 1000 N = 1000 

107 L = 109 

1 o• A. = 4 
ex 1 05 

104 

103 

102 

1 0 

1 

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 

X X 

Figure 3.3. Plot of the expected number of distinct variants, Cx (solid bold lines), having exactly x point 
mutations, calculated for an epPCR library of size L = 109

, sequence length N = 1000 bp and mean 
mutation rate per sequence A = 4 (left) and A = 15 (right). Also plotted over the range O :5 x :5 20 is Lx 
(thin dashed lines), the total number of sequences in the library expected to contain exactly x mutations. 
The calculated threshold x values, x,,, are approximately 3.1 (left) and 1.6 (right); it can be seen that for 
x :C: x 11, Cx is very well approximated by Lx. 
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Figure 3.4. Plots of the total expected number of distinct variants C (bold lines) in epPCR libraries as a 
function of: (A) mutation rate 11,; (B) library size L; and (C) sequence length N. (A) For N = 1000 there are 
41000 possible distinct sequences and as A increases a greater number of these are sampled. The plot levels 
off when C is limited by the total library size L (thin line). (B) Even with only 4 (i.e. A) mutations there 
are -3 x 1012 possible variants while with 8 mutations there are -2 x 1023 possible sequences. Thus for 
A = 4, even in very large libraries, the degree of redundancy is low and C is of the same order as L. The 
dashed line plots C = L for reference. (C) C changes very little with N for a fixed value of A (in which 
case the mean mutation rate per base pair scales inversely with N). 
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To illustrate the use of PEDEL, consider the library of monomeric TIM variants 

described by Saab-Rincon et al. (2001). With a single round of epPCR on the 700 bp 

gene, the authors constructed a library of 5 x 106 clones; sequencing 10 of these 

demonstrated an error rate of 3-4 nucleotide substitutions per gene. Implementing the 

sub-library algorithm with 'A = 3.5, PEDEL calculates that this library contains 

approximately 4.2 x 106 distinct variants, with the remaining 800 OOO clones 

representing multiple occurrences of some variants. Furthermore, the batch version of 

the programme (named "stats.batch" and also available in Appendix D and at 

www.bio.cam.ac.uk/-blackburn/stats.html) can be used to display the compositions of 

individual sub-libraries (Table 3.1). This shows where the redundancy is found. In 

particular, 150 OOO clones (3% of the total library) are expected to be the parental 

sequence (i. e. zero mutations), while the 2100 possible sequences with a single 

nucleotide substitution are over-sampled 250-fold in the x = 1 sub-library, which 

comprises 530 OOO clones. Approximately 35% of all possible double-mutant sequences 

are represented in the library, although sampling of sequences containing a greater 

number of mutations is sparse due to the very large numbers of these variants which are 

x• L/ V} C/1 CJVx(%)e 
0 1.5 X 105 l.Oxl0° 1.0 X 10° 100 
1 5.3 X 105 2.1 X 103 2.1 X 103 100 
2 9.2 X 105 2.2 X 106 7.6 X 105 35 
3 1.1 X 106 1.5 X 109 1.1 X 106 0.073 
4 9.4 X 105 8.ox10 11 9.4 X 105 1.2 X 10"4 

5 6.6 X 105 3.4 X 10 14 6.6 X 105 1.9 X 10"7 

6 3.9 X 105 1.2 X 1017 3.9 X 105 3.3 X 10" 10 

7 1.9 X 105 3.5 X 1019 1.9 X 105 5.4 X 10"13 

8 8.4 X 104 9.0 X 1021 8.4 X 104 9.3 X 10"16 

9 3.3 X 104 2.1 X 1024 3.3 X 104 1.6 X 10" 18 

10 1.1 X 104 4.3 X 1026 1.1 X 104 2.6 X 10"2 1 

11 3.7 X 103 8.1 X 1028 3.7 X 103 4 .6 X 10.24 

12 1.1 X 103 1.4 X 1031 1.1 X 103 7.9 X 10·27 

13 2.9 X 102 2.2 X 1033 2.9 X 102 1.3 X 10"29 

14 7.2 X 101 3.3 X 1035 7.2 X 101 2.2 X 10"32 

15 1.7 X 101 4.5 X 1037 1.7 X 101 3.8 X 10·35 

16 3.7 X 10° 5.8 X 1039 3.7 X 10° 6.4 X 10.38 

• Number of mutations per sequence. 
b Expected number of sequences in the library with exactly x mutations. 
0 Number of possible variants with exactly x mutations, calculated using equation 4 . 
d Expected number of distinct variants in the library with exactly x mutations. 
e Percentage of all possible variants with exactly x mutations represented in the library. 

Table 3.1. Sub-library composition of the epPCR library of TIM variants generated by Saab-Rincon et al. 
(200 1), as predicted by PEDEL. 
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possible. Indeed it is noteworthy that even the very largest libraries generated in vitro 

would fail to sample all possible TIM sequences containing five mutations. At first sight 

this result may appear counter-intuitive: when the rather high experimentally-derived 

mutation rate is considered, one might expect that few (if any) library sequences contain 

0-1 mutations. However, on statistical analysis, it becomes apparent that not only are 

the x = 0 and x = 1 sub-libraries fully sampled, but also that it is in these sub-libraries 

that overall library diversity is lost. 

3.2.3 In vitro recombination of highly homologous sequences 

Methods for recombining genes in vitro have proved revolutionary in the field of 

directed evolution. Here I describe DRIVeR (Diversity Resulting from In Vitro 

Recombination), a programme for estimating the diversity represented in libraries 

generated by recombining two highly homologous parental sequences which differ in 

only a few (e.g. 20) base or amino acid positions. It is available in full in Appendix E, 

and can be downloaded from www.bio.cam.ac.uk/-blackburn/stats.html. 

The number of unique sequences in a shuffled DNA library will be critically 

dependent upon: (i) the mean number of crossovers during the recombination process; 

and (ii) the spacing of the varying base pairs, since bases that are closely spaced are less 

likely to be recombined than those that are far apart in the sequence. In most reported 

examples of in vitro recombination, by either DNA shuffling or StEP PCR, the number 

of crossovers observed per daughter sequence is small (typically in the order of 1-4, 

e.g. Raillard et al. 2001; Zhao et al. 1998). Suppose then that the mean number of 

crossovers per daughter sequence is A and that A << N, e.g. A < O. lN (where N is the 

sequence length) . Further, assume that the number of crossovers between two 

consecutive varying positions in a particular daughter sequence follows a Poisson 

distribution (equation 1) with mean nA/(N -1), where n/(N .- 1) gives the ratio of the 

total number of potential crossover points in the sequence ( viz. N - 1) to the length of the 

sequence between the two varying positions (n). Note however, that crossovers are only 

observable experimentally if they occur in a region that will produce a distinct daughter 

sequence. Clearly one crossover between consecutive varying base pairs produces the 

same daughter sequence as 3, 5, 7, ... crossovers, and similarly for any even number of 

I 
II 

I 
I 

1 I 



Chapter 3: The statistics of randomised library construction 61 

crossovers. Further, any crossovers occurring between one end of the sequence and the 
first varying base position are also unable to be detected by sequence analysis of 
daughter variants. Therefore only an "observed" A value, Aobs, can be determined from 
experimental data. However, the statistics used by DRIVeR to estimate the number of 
distinct sequences in a shuffled DNA library require that the value specified by the user 
is that of A.true_ For a given input value of A.true, DRIVeR calculates the resulting Aobs, 
allowing a quick, empirical search for the value of A true based on a A ohs value determined 
by sequencing a small number of variants from a library. Details on these calculations 
are available in the supplementary mathematics notes (Appendix B). 

Once a value for A.true in keeping with Aobs has been determined, DRIVeR uses the 
inputted sequence length N, number of varying base positions M, library size L, A true and 
the positions of the varying bases to calculate the relative probability of each possible 
shuffled variant. This in turn allows the calculation of C, the expected total number of 
distinct daughter sequences in the library of size L. DRIVeR also tabulates the 
probabilities of an even or an odd number of crossovers in each interval between varying 
codons and a further output file contains the probabilities of occurrence of each of the 
possible 2M daughter sequences. As one would expect, plotting the expected value of C 
as a function of L with various combinations of spacing of varying base pairs shows that 
C increases with library size and is larger if the varying bases are well-spaced along the 
parental sequences (Figure 3.5). 

In most cases C levels off at the total number of possible shuffled sequences 
(i.e. 512 in Figure 3.5). Perhaps counter-intuitively, however, this is not the case for the 
library of size L = 1000 in Figures 3(a) and (b), for which the maximum value of C is 
440, falling short of a complete sampling of all variants. If A true is very large, then the 
varying base pairs will be essentially randomly assigned in each daughter sequence, all 
possible variants will be essentially equally likely and increasing A.true further will have 
no effect on C . At this point C depends only on the library size L, and the problem 
reduces to one analogous to oligonucleotide-directed mutagenesis (in which each variant 
is also equally probable). Indeed, solving equation 2 for L = 1000 and V = 512 gives 
C = 439, in excellent agreement with the maximum completeness predicted by DRIVeR 
for this library. 
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Figure 3.5. The expected number C (thin lines) of distinct variants in a shuffled library of size L as a 
function of A true for libraries of sizes 1 OOO, 4000, 16 OOO, 64 OOO and 256 OOO (listed from lower curve to 
upper curve). In all c~ses the specified sequence length is N = 500 base pairs and the number of varying 
base pairs is set at M = 9. (A) Variable base pairs at positions 50, 100, 150, 200, 250, 300, 350, 400, 450. 
(B) Variable base pairs at positions 100, 110, 120, 130, 140, 150, 160, 170, 180. (C) Variable base pairs 
at positions 100, 101, 102, 103, 104, 105, 106, 107, 108. C increases with increasing Land increasing A 
and is greater if the variable base pairs are well-spaced along the parent sequences. For sufficiently large 
L and A, C levels off at the total number of possible distinct sequences (512 in this case, plotted as a bold 
line). Note that this is not the case if L is of the same order as the number of possible distinct sequences, 
e.g. when L = 1000 in the examples above (see text for further discussion of this observation). 

In a recent example from the literature, Raillard et al. (2001) used DNA shuffling 
to recombine two bacterial triazine hydrolase genes (atzA and triA, GenBank accession 
numbers U55933 and AF312304 respectively) which differed at nine of 1425 bases, 
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coding for proteins with nine varying amino acids. There are therefore 29 = 512 possible 

shuffled daughter variants. The authors screened a library of L = 1600 shuffled variants, 

although they also noted that this probably fell short of a screen of the complete library. 

However, it was not immediately obvious what fraction of the complete library had 

actually been sampled. DRIVeR was therefore employed with the following parameters: 
N= 1425; M= 9; L = 1600; and variable bases at positions 250,274,375,650,655, 757, 

763, 982 and 991. Trial-and-error shows that a A.true of 10 crossovers per sequence 

corresponds to Aobs = 2, which in turn agrees with the data obtained experimentally (the 

authors state that "every variant sequenced had undergone at least one and as many as 

four recombination events"). On inputting A true = 10, DRIVeR calculates that the 

screened library of 1600 members is expected to contain approximately 171 of the 512 
possible distinct sequence variants. The biggest factor leading to the low diversity is the 

close spacing of the variable bases at positions 650 and 655, 757 and 763 , and 982 and 

991, between each of which recombination events are unlikely to occur. Indeed, even a 
thousand-fold larger library of size L = l .6 x 106 would still be incomplete, containing 

an expected 492 distinct sequences. 

3.3 Discussion 

It is apparent that random mutagenesis is very efficient at producing molecular diversity, 

however the best ways to exploit this diversity are not always clear. In many cases the 
size of library that can be produced and screened in the laboratory represents only an 
infinitesimally small fraction of all possible sequences, and furthermore any library will 

inevitably contain "wasted" diversity: variants encoding premature stop codons; 
synonymous DNA mutations; mutations in regions known to disrupt protein structure 
(predicted by the SCHEMA algorithm of Voigt et al., 2002, for example); or duplicates 

of one sequence at the expense of another unsampled sequence. Estimating the true 

amount of useful diversity represented in a given library therefore becomes a multi

faceted problem, though one for which the solution promises valuable insights into how 
best to design and screen such a library for that rare improved variant. 
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In this chapter, simple arguments and the approximating assumption of Poisson 
statistics have been used in order to analyse completeness and therefore degeneracy in 
libraries generated by three common PCR-based methods. Applying the algorithms 
described provides the laboratory researcher with either an estimate of how many unique 
sequence variants their library is most likely to contain, or conversely a target library 
size to enable them to sample a specified proportion of all possible sequences. 

In the first example, simple equations for characterising the diversity arising from 
oligonucleotide-directed mutagenesis were derived. In calculating library sizes required 
for fixed levels of completeness, an important distinction was made between "a library 
that is most likely to be 95% complete" ( equation 2) and "a 95% chance of having a 
100% complete library" (equation 3). This distinction has previously been confused in 
the literature, where for example the former problem has been incorrectly equated with 
"transformants required for a complete library with 95% confidence" (Clackson & 

Wells, 1994). As one might expect, libraries containing much higher levels of sequence 
degeneracy are required to effect the latter situation. 

The assumption underpinning equations 2 and 3 is that each random variant is 
equally probable, and at the DNA level this will be the case. However an interesting 
recent study of Ml3 phage-displayed peptides (Rodi et al., 2002) uncovered biases in 
the sequences of those peptides which were successfully translated and displayed, 
suggesting that in this example the underlying biology had affected functional library 
diversity in a manner not predicted by Poisson statistics. Of the methods commonly 
employed for screening or selecting from randomised libraries, display on filamentous 
phage is the one most likely to show such a bias (reflecting the constraints on sequence 
imposed by periplasmic virus assembly) and this should be considered when 
implementing GLUE to assess the diversity represented in phage-displayed libraries. 

More generally, it must also be borne in mind that the diversity being quantified 
here is at the level of the DNA library, and not the level of the translated protein 
products. Estimating the protein diversity represented in a given DNA library is 
complicated by the degenerate nature of the genetic code: amino acids can be encoded 
by between one and six codons; and on average the mutation of a single base in any 
given codon only allows access to 5. 7 of the 19 possible alternate amino acids (Voigt 
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et al., 2001a). Of course, the best way to ensure that all possible protein diversity is 
sampled is to ensure that all possible DNA sequence variants are represented, and in the 
cases of oligonucleotide-directed mutagenesis and in vitro recombination, GLUE and 
DRIVeR provide guidelines on how to achieve this. In epPCR however, the ability to 
generate mutations at any position in a gene ensures that the possible number of variants 
is enormous, and it becomes more informative to analyse how many distinct sequences 
are actually represented in a given library. The sub-library approach described here and 
implemented by PEDEL gives insights into the composition of epPCR libraries. For 
example if the mutation rate A is kept low (the case in the majority of published 
experiments) then a large proportion of the resulting library ( as high as 3 7% when A = 1) 
will contain the parental template sequence, thus significantly reducing the effective size 
of that library. However a mid-sized library with a higher mutation rate (e.g. L = 106, 
A = 6, N = 1 OOO) will still contain all possible variants differing from the template 
sequence by a single nucleotide, whilst reducing the fraction of unmutated template 
sequence present to less than 0.25%. In addition, it will also sample many sequences 
which differ from the template in 2-7 positions. Hence PEDEL allows an informed 
trade-off to be made between maximising the number of unique sequence variants 
sampled and ensuring that those sequences least likely to contain deleterious mutations 
are well represented. 

It must be noted that in reality, and as detailed by Moore and Maranas (2000), the 
distribution of mutations in the final pool of epPCR-generated molecules may deviate 
from Poisson statistics. The primary cause is the well-documented bias in the types of 
base substitution introduced by Taq DNA polymerase under error-prone conditions 
(Shafikhani et al., 1997). However, with the recent advent of commercially available 
polymerases such as Mutazyme (Stratagene, La Jolla, California), which possesses an 
opposite bias to Ta q in its mutational spectrum, unbiased libraries can now be 
constructed by sequential PCR amplifications with the two ·polymerases (see also 
sections 5.5.1 and 5.5.2). As a general rule, diversity is maximised when all variants are 
equally probable (e.g. when ').._true is very large in DNA shuffling; Figure 3.5); therefore, 
this dual-polymerase approach should become routine. 

' I 
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While many variations on the basic method for in vitro recombination have proven 

successful, only a "simplest case" scenario, in which two highly homologous parental 

sequences are recombined, has been analysed here. Modelling the shuffling reaction as 

a Poissonian process simplifies it considerably, since as detailed by Moore et al. (2001), 

crossovers will tend to accumulate in regions of high sequence identity and are better 

predicted by considering the thermodynamics of the reassembly reaction. However, in 

examples such as that of the triazine hydrolases atzA and triA (Raillard et al., 2001), 

where the parental sequences show near 100% sequence identity, it can be inferred that 

crossover position will be effectively random and that DRJVeR will therefore provide a 

useful measure of the diversity represented in a given library. A further advantage of 

DRlVeR is that it can be used in the analysis of libraries generated by both DNA 

shuffling and StEP PCR as the critical parameter is the number of crossovers, rather than 

the size of the reassembled fragments (a concept that is irrelevant in the latter 

methodology). 

Discrepancies between the observed and actual number of crossovers per daughter 

sequence have previously been analysed in the context of using a small number of 

parent-specific oligonucleotide probes to estimate crossover frequencies (Joern et al., 

2002). While that study considered differences between the probe data and evidence 

from DNA sequencing, it can be seen that in examples where the two parents have very 

high levels of sequence identity even DNA sequencing will not lead to an accurate 

estimate of the number of recombination events that may have occurred during fragment 

reassembly or staggered extension. Functionally, these unobserved crossovers are 

irrelevant as they lead to no increase in library diversity; nonetheless they must be taken 

into account (and are by DRlVeR) in order to estimate the diversity that is represented in 

a given library. 

A serendipitous but key result from the analysis of recombined libraries using 

DRJVeR was that diversity is largely dependent on A.true and hence that it is maximised 

when crossovers are sufficiently frequent that each daughter variant is equally probable. 

In such a scenario, the number of variants in a given library is best estimated using the 

formula derived for oligonucleotide-directed mutagenesis ( equation 2). Two 

modifications to the DNA shuffling protocol that were described recently are directly 
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predicted by this observation. Both Ness et al. (2002) and Zha et al. (2003) designed 
overlapping oligonucleotides for assembly in a synthetic DNA shuffling reaction. In the 
first example, the use of carefully chosen sequence degeneracy in the synthetic 
oligonucleotides meant that all of the diversity represented in 15 subtilisin genes 
previously subjected to family shuffling (Nes.s et al., 1999) could be encoded in only 30 
overlapping oligonucleotides. Zha et al. (2003) employed an almost identical design 
strategy in shuffling two lipases, except that some additional diversity not present in 
either of the two parents was allowed through the use of fewer oligonucleotides (for 
example, if parental codons in equivalent positions were AAA and TCT, the designed 
oligonucleotide would encode WMW, which allows non-parental combinations such as 
ACT in the daughter sequences). Both papers report the production of functional 
daughter variants through the recombination of tightly-linked diversity. In both cases, in 
vitro recombination has been reduced to a problem of equally probable variants, with 
concomitant success in maximising the resultant library diversity. A third report (Moore 
& Maranas, 2002) has recently outlined a method for engineering codon usage to 
maintain amino acid sequence but to optimise or direct recombination, based on earlier 
considerations of predicting crossover generation. In combination, these approaches 
offer the prospect of a more rational approach to the traditionally "blind" methods of in 
vitro recombination, which in turn is surely conducive to even more remarkable directed 
evolution success stories than those observed to date . 

. In addition to addressing the question of how much molecular diversity is present 
in a randomised library, the statistics and algorithms described here provide a number of 
empirical guidelines for library construction. In general, of course, the larger the library 
the more diverse it is expected to be, though in the case of oligonucleotide-directed 
mutagenesis, GLUE provides insight into just how large is large enough to sample a 
required proportion of variants. In epPCR and DNA shuffling, it has been shown that 
maximising library diversity requires consideration of both library size, L, and mean 
mutation rate or crossover frequency, 'A. Contrary to the prevailing dogma for 
construction of libraries by epPCR, I have shown that an elevated mutation rate can be 
useful for increasing the absolute number of variants sampled, in addition to reducing 
wasteful over-sampling of the unmutated template and single point mutants. Likewise, 
in DNA shuffling a very large mean number of crossovers per sequence (corresponding 
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to small fragments in a shuffling reassembly reaction), such that every daughter variant 
is essentially equally probable, ensures that the maximum number of shuffled variants 
will be represented. This is especially important for ensuring recombination between 
two or more varying bases that are closely spaced in the parent sequences. 

The algorithms and results described in this chapter form the basis of a manuscript 
which has recently been accepted for publication4

. The next two chapters demonstrate 
the descriptive and predictive aspects of GLUE, PEDEL and DRIVeR in guiding the 
construction and interrogation of randomised libraries encoding the (Ba)s-barrel proteins 
PRAI and K vB, in addition to addressing directly the more central question of the 
evolution of the (Ba )s-barrel architecture. 

3.4 Materials and Methods 

GLUE, PEDEL and DRIVeR were written in Fortran 77. They are available in 
Appendices C, D and E respectively and at www.bio.cam.ac.uk/-blackburn/stats.html. 
Supplementary information at this URL includes comprehensive programme notes and a 
PDF file describing the mathematics underlying the programmes in full detail 
(reproduced herein as Appendix B). 

4 
Patrick, W.M., Firth, A.E. and Blackburn, J.M. User-friendly algorithms for estimating completeness and diversity in randomised protein-encoding libraries. Protein Engineering, accepted for publication. 



Chapter Four 

Directed evolution of PRAI: in vitro 

selection by plasmid display 

I I 



Chapter 4: In vitro selection on a (f3a)a-barrel scaffold by plasmid display 70 

4.1 Introduction 

In the next two chapters the theory of constructing libraries for directed evolution 
(analysed in the previous chapter) will be put into practice on phosphoribosyl
anthranilate isomerase (PRAI), a (~a)s-barrel protein from the tryptophan biosynthetic 
pathway. In the first instance, the development of an in vitro selection system 
compatible with the (~a)8-barrel fold is described, and employed to isolate a putative 
subdomain of PRAI. 

4.1.1 Screening and selection 

In directed evolution, the design of a library screen or selection that is sensitive to the 
properties of interest can prove a considerable hurdle. In a screen, variants are tested 
individually for a given property or function. By comparison, selection involves 
subjecting a pool of variants to a selection step that yields the best molecule or clone 
directly. In principle selection strategies are the more powerful, allowing larger libraries 
to be assessed. Devising a selection for ligand binding properties or for the acquisition 
of a function directly linked to cell growth or survival is relatively trivial. Despite their 
low throughput, however, screens offer the advantage of being considerably more 
versatile . By making use of the huge range of chromophores, fluorophores and other 
artificial substrates that are now commercially available, a screen can be contrived for 
almost any enzyme-catalysed reaction. Further, the clones identified in a screen will 
form a continuous distribution of fitness with respect to the desired trait. This can be of 
use in situations such as the evolution of catalysis, where selection of variants which 
bind the substrate tightly is not necessarily an indication of improved catalytic 
efficiency. 

Until recently, all selection strategies have contained at least one in viva step. As 
exemplified by the first examples of DNA shuffling (Stemmer, 1994b) and family 
shuffling (Crameri et al., 1998), in viva selections based on genetic complementation or 
the evolution of resistance can prove very effective. However, these approaches are not 
generally applicable in cases where, for example, a non-natural property such as activity 
in an organic solvent is being evolved (Moore & Arnold, 1996). Moreover, in viva 
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selection limits the size of the library able to be surveyed to the transfection limit of the 

organism involved. The development of selection schemes performed entirely in vitro 

therefore offers the lure of access to larger libraries and greater molecular diversity, 

thereby increasing the probability of finding improved variants. 

4.1.2 Display technologies for in vitro selection 

Regardless of whether or not an in vitro selection strategy contains an in viva step, there 

is an underlying imperative for the topological linkage of phenotype and genotype. 

Physical association of the protein subject to selection and the gene that encodes it 

provides a mechanism for the amplification and manipulation of the selected species. 

4.1.2.1 Phage display 

The most common technique for maintaining a phenotype-genotype link during 

selection is phage display, first described by George Smith (Smith, 1985; reviewed by 

Roberts & Ja, 1999). Sequences are expressed on the surface of filamentous 

bacteriophage (fd, f1 or M13), either in multi-copy format (1-2700 copies per phage 

particle) by fusion to protein p VIII or at low valency by fusion to pIII 

(0-5 copies/phage). Molecules thus presented are selected by affinity for immobilised 

substrates or receptors, and selected phage are used to infect bacteria, producing progeny 

phage for subsequent rounds. Typically, a total library of 10 7 -109 members will contain 

considerable degeneracy (1000-fold or more). High multiplicity is essential, because the 

fraction of phage recovered is generally only 0.01-0.0001 % of the input population. It is 

now recognised that phage display intrinsically (and fortuitously) selects reasonably 

stable, folded me_mbers from a protein library, owing to the interdependence of 

functional display and affinity selection (Forrer et al., 1999). Further refinement of the 

technique has included the development of a method to select for increased stability 

(Sieber et al., 1998), and high copy display has also been optimised by targeted 

mutagenesis of p VIII (Sidhu et al., 2000). Finally, Cre-catalysed recombination within 

single bacteria has been used to generate larger libraries (-10 11 members) than ever 

before (Sblattero & Bradbury, 2000). These advances ensure that display on filamentous 

phage will continue to be widely employed. 
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Filamentous phage are assembled in the bacterial periplasm, necessitating protein 
export and folding in a relatively oxidising environment. Proteins normally found in the 
cytoplasm are therefore often unable to be successfully displayed on the phage coat. To 
circumvent this, intracellularly-assembled tailed phage have been engineered for use in 
selection experiments. Initial studies on bacteriophage A made use of the tail protein p V 
for protein display (Maruyama et al., 1994). However, display was found to be unstable, 
and more recent studies have concentrated on the D capsid protein (Sternberg & Hoess, 
1995). While A phage display is yet to find widespread application, it has recently been 
used to generate and display selectable cDNA libraries from human brain and mouse 
embryo (Santi et al., 2000). The utility of bacteriophage T7 in displaying cDNA 
libraries has also been evaluated (Sche et al., 1999; Danner & Belasco, 2001 ), and a T7-
based display system is now commercially available (T7Select, Novagen). To date, 
however, this has received little use compared to the other phage systems. 

4.1.2.2 Cell surface display 

Analogous to phage display, proteins can also be displayed on the surface of bacterial, 
yeast or mammalian cells by fusion to an appropriate outer membrane or cell wall
associated protein (reviewed by Wittrup, 2001). Fluorescently-labelled ligands allow 
high-throughout screening of displayed libraries using fluorescence-activated cell sorting 
(FACS). Generally, however, the surface proteins used can only display fusion partners 
at one of their termini, and this may impose limitations on the types of proteins that can 
be functionally displayed. Further, the large size of a cell ensures that display is at a 
high valency, which can generally be expected to preclude the isolation of high-affinity 
binders from a cell surface-displayed library. Despite this caveat, yeast cell surface 
display has been used in conjunction with four rounds of DNA shuffling to identify a 
single-chain Fv antibody fragment (scFv) with an extremely high affinity (Ko = 48 fM) 
for fluorescein (Boder et al., 2000). The key criterion to be considered with this 
technology is, however, the need for export of functional proteins to the cell surface. 
While this is not problematic for the display of extracellular proteins such as antibodies, 
it is likely to prevent the functional display of cytoplasmic enzymes such as the 
Wa )s-barrels. 
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4.1.2.3 Ribosome display 

The size of phage-displayed library that can be used to transfect bacteria (generally up to 
109 members) does not allow the sampling of all sequence variants unless only a small 
number of amino acids are randomised ( e.g. Table 3 .1 ). Recently, four methods have 
been developed which provide for completely in vitro synthesis and selection of 
proteins, potentially allowing the interrogation of libraries as large as 10 15 sequences. 
The first, ribosome display (Mattheakis et al., 1994), relies on stalling the ribosome after 
a cycle of in vitro translation and stabilising the resulting mRNA-ribosome-protein 
ternary complex. After selection for complexes containing a functional protein, the gene 
encoding this protein can be amplified by reverse transcription and PCR. The technique 
is not straightforward technically, however it has been used successfully to enrich for 
high-affinity binders from peptide and scFv libraries (Mattheakis et al., 1994; Hanes and 
Pliickthun, 1997; Hanes et al., 1998). Further, ribosome display has recently been used, 
in conjunction with five rounds of DNA shuffling, to select a stabilised scFv able to fold 
in a reducing environment and therefore without disulfide bridge formation (Jermutus 
et al., 2001). 

4.1.2.4 mRNA display 

The second completely in vitro selection method involves the puromycin-mediated 
covalent linkage of a protein to its own mRNA at the conclusion of translation in vitro 
(Roberts & Szostak, 1997). The protein-mRNA fusion can then be used as the substrate 
for selection and amplification. Unlike ribosome display, stabilisation of a ribosome
containing ternary complex is not required, and a series of very large libraries ( estimated 
at 1012-10 14 unique sequences) have been constructed using this method (Cho et al., 
2000). Selection from the first of these, a library of 6 x 1012 non-redundant, completely C _, 
randomised 80-amino acid proteins, yielded four ATP-binding proteins which lack 
homology to anything in the current sequence databases (Keefe & Szostak, 2001). The 
authors use this result to infer the frequency with which sequence space is populated by 
functional proteins (perhaps 1 in 1011

); this interesting conclusion would have been 
impossible to predict in the absence of a very large starting library. 
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4.1.2.5 The Ribosome-Inactivation Display System 

The third approach that makes use of the concomitant presence of mRNA and protein at 
the ribosome during translation is RIDS, the "ribosome-inactivation display system" 
(Zhou et al., 2002). This system attempts to address the technical difficulties of 
mRNA-ribosome-protein ternary complex stabilisation and puromycin-linked 
oligonucleotide ligation by fusing a protein-encoding library to the gene for the ricin A 
chain. The co-translated ricin moiety stalls the ribosome and significantly stabilises the 
resulting ternary complex. While RIDS may offer some advantages in simplifying the 
protocol for in vitro selection by ribosome display, it is yet to be tested in any but the 
most trivial of 1: 1 (target:competitor) enrichments (Zhou et al., 2002). 

4.1.2.6 In vitro compartmentalisation 

Finally, Tawfik and Griffiths (1998) have described a system in which a library of genes 
was transcribed and translated in compartments formed using water-in-oil emulsions. 
By selecting for the modification of the gene by its product (in this case, methylation to 
protect from digestion by Haelll), the authors could enrich for a functional gene from a 
107-fold excess of competitor)j'NA. In a recent follow-up study, Lee et al. (2002) used 
oligonucleotide-directed mutagenesis to randomise three amino acids important for 
DNA recognition by the DNA cytosine-5 methyltransferase M.Hhal. Selection for 
retention of M.Hhal activity was by digestion with the restriction endonuclease Hhal 
and the results offered insights into the process of DNA recognition by the 
methyltransferase. Oil-in-water compartmentalisation has also been used to evolve 
thermostability and heparin resistance in Taq polymerase, using a conceptually simple 
selection in which only active variants will amplify their own gene within the 
compartment (Ghadessy et al., 2001). 

4.1.3 Plasmid display: a new tool for in vitro selection 

Although the potential of the entirely in vitro techniques described above is undoubtedly 
great, they are currently at an early stage of refinement. Issues arising from the use of a 
cell-free transcription/translation system, including correct protein folding, disulfide 
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formation, cofactor chemistry, post-translational modification and quaternary protein 

structure remain to be addressed. 

Plasmid display offers many of the advantages of the entirely in vitro display 

formats, without requiring the use of fickle translation systems and expensive reagents. 
In this approach, the polypeptides of a library are expressed from a plasmid vector as 

fusions with a DNA binding protein. Inclusion of the DNA sequence recognised by the 
binding protein on the plasmid establishes a phenotype-genotype linkage within the cell. 

Provided that this association of plasmid and fusion protein can be maintained on cell 
lysis, selection can be carried out in vitro. Re-transforming selected plasmids back into 

the host allows further cycles of enrichment. Plasmid display therefore avoids some of 
the problems associated with display on filamentous phage. Polypeptides are folded in 

the cytoplasm rather than the periplasmic space, increasing the likelihood of correct 
folding, ensuring the presence of cofactors for post-translational attachment and 

minimising the risk of degradation by proteolysis. There is no requirement for secretion, 
which is often found to be problematic for normally cytoplasmic proteins (such as the 

majority of (~a)s-barrels). The valency of the plasmid display system is low, relatively 

constant and well-defined. Importantly, by avoiding the use of high molecular weight, 
proteinaceous phage particles or RNA molecules with inherent secondary structure, non

specific interactions are largely avoided during selection. Finally, the plasmid display 

methodology is technically straightforward, stable at the genetic level and compatible 
with non-E. coli hosts. 

Despite the purported advantages of plasmid display, early examples using the lac 

repressor protein as the DNA binding moiety (Cull et al., 1992) met with limited 

success. The technique has since been optimised in our laboratory, employing NF-KB 

p50 as the DNA binding fusion partner (Figure 4.1). Significantly, the three

dimensional structure of NF-KB p50 (abbreviated hereafter. as p50) revealed that fusions 

would be tolerated at either terminus of the protein, and in optimised (potassium 
glutamate-containing) buffers, the binding of p50 to an idealised palindromic DNA site 

was shown to have a very long half-life of> 4 7 h (Speight et al., 2001 ). These features 
make the p50-DNA interaction a particularly suitable one on which to base an in vitro 
display technology. 
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Figure 4.1. The plasmid display of proteins fused to NF-KB . Fusion proteins are expressed cytoplasmically and bind to the p50 recognition sequence on the plasmid, in turn repressing further transcription. Cell lysis and subsequent selection of fusion protein-plasmid complexes provides the substrate for further cycles of enrichment. 

4.1.4 The future: in vitro selection for enzymatic catalysis 

By far the majority of in vitro selection experiments have focussed on ligand or substrate 
binding, a property readily amenable to each of the techniques described here ( vide 
supra)~ In vitro selection for catalysis is a much more difficult proposition, although one 
that promises enormous potential in biotechnology by allowing the interrogation of very 
large libraries for non-natural activities ( or at least those that are not genetically 
selectable). The two approaches traditionally taken have been to pan for binding to an 
immobilised transition state analogue of a given reaction; and to employ mechanism
based inhibitors ("suicide substrates") coupled to a solid support as a means of 
identifying functional library members. The former strategy 'has been widely employed 
in the field of catalytic antibody engineering (Schultz & Lerner, 1995), often in 
conjunction with phage display. The latter is also readily applied to phage display 
(e.g. Janda et al., 1997) and has been investigated as a means of selecting a ribosome
displayed ~-lactamase from a background of inactive mutants (Amstutz et al., 2002). In 
general, however, these two strategies have not yielded efficient enzymes as neither 
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select for true catalytic turnover: binding to and stabilising a transition state analogue is 

not necessarily equivalent to catalysis; and effecting turnover of a single suicide 

substrate molecule fails to address product release (i.e. there is no selection for kca1). 

Recently, a number of elegant, reactiQn-independent strategies for identifying 

catalytic activity have been described. The first (Pedersen et al., 1998) involves the 

covalent attachment of substrate to each potential catalyst in a phage-displayed library, 

in an orientation that allows intramolecular reaction between the enzyme and the 

substrate to occur. Conversion of substrate to product by a functional enzyme then 

allows selection based on covalent attachment or cleavage of the enzyme from a solid 

support, or by capture of the reaction product using a product-specific antibody 

(Figure 4.2). 

,linker 

@ catalysis@ isolate o~ly 
E P ~ product-linked 

catalysts 

Figure 4.2. In vitro selection for catalytic activity. The substrate (S) is covalently attached to each library 
member and conversion of S to product (P) by an active enzmye (E) provides the basis for selection. 
Figure reproduced from Pedersen et al. (1998). 

. While this variation on phage display avoids potential pitfalls of the suicide 

substrate approach, such as inefficient trapping and/or slow turnover of the inhibitor, 

selection is still based on only a single turnover event. In contrast, Olsen et al. (2000) 

have made use of a synthetic substrate consisting of a fluorescent dye, the scissile bond 

and a fluorescence resonance energy transfer (FRET) quenching partner to enrich for 

E. coli expressing the cell surface protease OmpT from cells expressing an inactive 

mutant by over 5000-fold in a single round. Hydrolysis. of the target peptide bond 

results in release of the FRET quenching partner, while a positive charge on the 

fluorescent dye ensures its retention on the cell surface, enabling subsequent detection 

using F ACS. While this is a high-throughput screen rather than a selection, the strategy 

appears generally applicable, subject to the caveats discussed above for bacterial cell 

surface display. Presumably whole cell fluorescence is directly proportional to the 
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enzymatic activity of the displayed protein; this can be quantified and sorted in the 

F ACS procedure. 

Two screening strategies based on a modified yeast three-hybrid system have also 

been investigated. In the first (Firestin~ et al., 2000), E. coli cells express a 
transcriptional activator created by fusing the AraC DNA-binding domain to a protein 

capable of binding both the substrate of an enzyme-catalysed reaction and a chemical 

inducer of dimerisation (CID). CID-induced dimerisation leads to transcription of the 

araBAD operon, resulting in an ability to utilise arabinose and consequently to acidify 

the medium (which in turn is detectable on MacConkey agar plates). On its addition, 

substrate will compete with the CID for binding to the activator, preventing dimerisation 

and reversing the cellular phenotype. However, if an active enzyme is present, 

conversion of substrate to product shifts the equilibrium in the cell back towards the CID 

binding the activator. A more direct variation, termed chemical complementation, has 

recently been described (Baker et al., 2002). In this S. cerevisiae-based system, the CID 

is a heterodimeric small molecule with high affinities for two receptors, one of which is 

fused to a DNA-binding domain and the second of which is fused to a transcriptional 

activator domain; the CID therefore induces heterodimerisation and transcription of a 

suitable reporter gene such as lacZ. To adapt the system for screening for catalysis, the 

linkage between the two CID moieties mediating dimerization is synthesised to be the 

substrate for the bond cleavage or bond formation reaction of interest (Figure 4.3). On 

introducing a library of potential catalysts, enzymatic activity is then directly linked to 

the decrease or increase in reporter gene expression. Both of these systems have been 

developed as screens, although it can be envisaged that with the appropriate choice of 

reporter gene they could easily be adopted as selections. However, while they offer 

great promise as :reaction-independent, generic strategies for identifying many novel 

enzymatic activities, they remain fundamentally limited by the transformation 

efficiencies of the host organisms and by the prerequislte for catalysis in a cellular 

environment, which makes isolation of variants active at extremes of temperature, pH or 
ionic strength impossible. 

It is apparent that selection for true, multiple-turnover catalysis remams 
problematic. On the one hand, in vitro selection is generally indirect or for single 
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Figure 4.3. Reaction-independent assay for catalytic activity in vivo. A heterodimeric small molecule 
bridges DNA-binding domain-receptor fusion and activation domain-receptor fusion proteins, activating 
transcription of a downstream reporter gene. Enzyme-catalysed cleavage or formation of the bond 
between the two small molecules is reflected in a change in reporter gene expression. Adapted from 
Baker et al. (2002). 

turnover events only. In contrast, compartmentalisation inside a cell allows for the 

simultaneous selection for all enzyme properties (substrate recognition, rate acceleration 

and turnover) but places severe constraints on the environment in which the enzyme 

must function. Griffiths and Tawfik (2003) have addressed these issues by adapting 

their oil-in-water in vitro compartmentalisation system for the selection of functional 

and improved phosphotriesterase variants. The selection system is not trivial, requiring 

each library variant, its in vitro transcribed/translated mutant protein and the product of 

enzyme-catalysed substrate hydrolysis all to be immobilised on the same 

compartmentalised, streptavidin-coated microbead. In their paper, a product-specific, 

fluorescently-labelled antibody was used to identify beads that contained product, gene 

and protein; these could be sorted by FACS. Interestingly, after multiple rounds of 

selection from libraries in which one to five codons were randomised, all 3 5 variants 

analysed had different sequences, and in spite of activities (i. e. kca/KM values) ranging 

from less than 1 ~ that of the wild-type enzyme to 180% wild-type activity, the 

unmutated sequence was not observed. While this suggests that the selection scheme 

lacks discriminatory power, this first demonstration of selection for true catalytic 

function in an entirely in vitro, cell-free system represents a significant step towards the 

goal of selection for novel catalytic function. 
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4.1.5 The Wa)8-barrel proteins: ideal scaffolds for engineering 

In both protein engineering and evolution by natural selection, the choice of a suitable 

starting point for the generation of new properties and catalytic function is critical. As 

we have seen (Chapter 1), Nature seems to have fixated upon the (Ba)s-barrel as an 

architecture particularly amenable to diversification and redesign. It follows that the 

(Ba.)8-barrel scaffold, with its partitioning of key structure-, specificity- and function

determining units, seems an ideal starting point for the directed evolution of novel 

enzymatic functions. Certainly, the use of random mutagenesis and in vivo selection to 

impart low but detectable PRAI activity on HisA (Jurgens et al., 2000; section 1.5) 
hinted at the potential of protein engineering approaches to probe both the evolutionary 

past and the biotechnological future of the (Ba.)8-barrel fold. 

Significantly, however, the compatibility of (Ba.)8-barrel enzymes with in vitro 

selection systems remains largely untested and the absence of a compatible in vitro 

system somewhat limits the potential for redesigning these proteins. A secreted, 

thermostable a-amylase from Bacillus licheniformis has been displayed on the surface of 

phage fd (Verhaert et al., 2002); the only other example of in vitro selection on the 

scaffold is the phosphotriesterase example discussed above. The (Ba)s-barrel proteins 

are predominantly cytoplasmic, often co-ordinate cofactors or metal ions, and can be 

sensitive to oxidative inactivation through non-specific disulfide formation. Plasmid 
display, with its combination of in vivo folding and in vitro selection, has therefore been 

investigated here as a display format generally applicable to (Ba)s-barrel proteins. 

Further, the activity of a significant proportion of (Ba.)8-barrel proteins is dependent 

upon their association into multimers in vivo. This property complicates protein 
redesign experiments, and is a particularly important consideration for in vitro selection 
systems such as plasmid display. As a result, the work described in this chapter has 

concentrated on the use of a functionally monomeric (Ba.)8-barrel protein as a scaffold 

for engineering. 
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4.1.6 Phosphoribosylanthranilate isomerase 

N-(5'-phosphoribosyl)anthranilate isomerase (E.C. 5.3.1.24) catalyses the third step in 
the biosynthesis of tryptophan from chorismic acid in some plants and microorganisms. 
The reaction is an intramolecular redox reaction (Amadori rearrangement) of 
N-(5'-phosphoribosyl)anthraililate (PRA) to 1 '-(2'-carboxypheny lamino )-1 '
deoxyribulose 5'-phosphate (CdRP) (Figure 4.4; Hommel et al., 1995). CdRP is in tum 
the substrate for indoleglycerol-phosphate synthase (IGPS). The structural organisation 
of PRAI differs among microorganisms. While it is a monomer in S. cerevisiae, 
B. subtilis and P. putida, it had long been postulated to be part of a bifunctional 
PRAI:IGPS enzyme in E. coli (Gibson & Yanofsky, 1960). Solution of the structure by 
crystallography and subsequent refinement to 2.0 A resolution verified that this was the 
case, and that each domain is a (Ba.)8-barrel (Priestle et al., 1987; Wilmanns et al., 1992). 
The bifunctional enzyme, encoded by the trpCF gene of the tryptophan operon, consists 
of 452 amino acids, of which residues 256-452 comprise the PRAI domain (Priestle 
et al., 1987). The domains have been separated genetically and co-expressed as stable, 
monomeric proteins which retain virtually full catalytic activity (Eberhard et al., 1995). 

coo-

®-~H-6 
HO OH 

PRA 

PRAI ~ ~g.~ UNJ 6H V 
H 

CdRP 
Figure 4.4. PRAI-catalysed conversion of PRA to CdRP by an Amadori rearrangement. Protonation of the furanose ring oxygen and deprotonation of the ribose C2' atom may take place simultaneously or may proceed via a positively-charged imminium ion intermediate (Henn-Sax et al., 2002). 

As observed in other (Ba)s-barrel enzymes, the active site pocket of PRAI is 
formed at the C-termini of the B-strands of the barrel. Notably, the loop connecting 
~-strand 6 with helix 6 forms a long and apparently flexible lid over the top of the pocket 
(Figure 4.5). It has been proposed that this loop plays a role in substrate recognition and 
binding, possibly by undergoing a conformational rearrangement (Wilmanns et al., 
1991). Further, helix 5 is disrupted by a proline residue (Pro366, numbered according to 
its position in the E. coli PRAI:IGPS bienzyme) and is replaced by a peptide segment in 
a partially extended conformation (Figure 4.5), and helix 6 is in a 310 conformation. 
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There is also another short 310-helix (helix 8') between f3-strand 8 and a-helix 8 
(Wilmanns et al., 1992). 

Figure 4.5. Ribbon diagrams of PRAI as viewed from (A) the carboxyl terminal side of the ~-barrel; and (B) side-on (with helix 4 nearest the viewer). Note that helix 5 is absent and that the ~6a6 loop ("loop 6") forms a flexible lid over the active site. The figures were drawn using MOLSCRIPT (Kraulis, 1991). 

The crystal structure of PRAI from the hyperthermophile Thermotoga maritima 
has been solved to high resolution (Hennig et al., 1997). Structure-guided, site-directed 
mutagenesis of this enzyme has identified a cysteine at the C-terminal end of /3-strand 1 
( equivalent to Cys260 in the E. coli enzyme, ePRAI) and an aspartate at the C-terminal 
end of /3-strand 6 (Asp379 in ePRAI) as the putative catalytic base and acid respectively 
(Henn-Sax et al., 2002). The crystallographically-determined structure of the complex 
between PRAI and the product analogue rCdRP (reduced CdRP, reduced at C2') 
confirms that the aspartate is appropriately positioned to protonate the furanose ring 
oxygen of the PRA substrate and that the cysteine is located less than 4 A from the C2' 
atom that it is proposed to deprotonate (Figure 4.6). In further support of the proposed 
mechanism for general acid-base catalysis, the pKa of Cys260 in ePRAI is < 6.8, which 
would allow it to act as a base at physiological pH values. Further, five of the eight 
nearest-neighbour residues of the catalytic aspartate are hydrophobic, making 
deprotonation of its side chain energetically unfavourable and presumably increasing its 
pKa, thereby allowing it to act as a general acid (Henn-Sax et al., 2002). 

PRAI has been proposed, though not proven, to fold through a biphasic transition 
in which the three states correspond to the fully folded and fully denatured forms, and to 
an intermediate in which the N-terminal six f3-strands and five a-helices are in a native-
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like conformation while the C-terminal portion is partially unfolded (Jasanoff et al. , 

1994). A model involving autonomously-folding subdomains is further supported by the 

finding that fragments corresponding to (f3a.) 1-6 and (f3a.)7-s of S. cerevisiae PRAI 

(yPRAI) were soluble and could be assembled stoichiometrically into an enzymatically

active complex (Eder & Kirschner, 1992). 
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Figure 4.6 Critical interactions in the active site of PRAI from T maritima (the equivalent residues in 
ePRAI are indicated in parentheses). Asp126 hydrogen bonds to the C4'-hydroxyl oxygen of the product 
analogue rCdRP (0-0 distance of 3.0 A), which corresponds to the furanose ring oxygen of the substrate 
PRA. The sulfhydryl group of Cys7 is close to the C2' atom of rCdRP (S-C distance of 3.9 A); this 
corresponds to C2' of PRA. The hydrogen bond between the imidazole group of His83 and the 
C2'-hydroxyl oxygen of rCdRP may play a role in determining substrate specificity. The figure was 
produced from PDB entry lLBM (Henn-Sax et al. , 2002) using MOLSCRIPT (Kraulis, 1991). 

In contrast to the E. coli enzyme, Thermotoga maritima PRAI forms a homodimer, 

the subunits of which are associated via the N-terminal face of the 13-barrel. This "back 

to back" association of the subunits appears to be at least partly responsible for the 

thermostability of the enzyme. This hypothesis was tested by rationally designing 

monomeric variants of the thermophilic enzyme (Thoma et al. , 2000). The monomers 

generated by levelling the nonplanar dimer interface retained full activity but were 

considerably more thermolabile than the parental dimer. Jhe evidence suggests, then, 

that like other (f3a.)8-barrel enzymes, PRAI shows a clear separation of residues involved 

in activity (the f3a. loops on the C-termirtal face of the 13-barrel) and stability (the a.~ 

loops on the opposite face). This observation makes it a worthy candidate for protein 

redesign experiments. 
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The immediate aim of the work described in this chapter was to validate the 
selection of PRAI as a suitable scaffold for protein engineering and structure-guided 
directed evolution. The first hypothesis to be addressed was that the function
determining loops at the catalytic face of the B-barrel could be regarded as modular with 
respect to the rest of the scaffold. Accommodating variation in loop sequence and 
length without perturbing the structural integrity of the protein is a necessary 
prerequisite for engineering novel activities. In particular, the mutability of the B6a6 
loop ("loop 6") was investigated by the insertion of the FLAG epitope, an antibody
selectable marker (Chiang & Roeder, 1993). Further, and given its advantages over 
phage display (particularly for a cytoplasmic protein such as PRAI), plasmid display 
using NF-KB p50 fusion proteins was investigated as a method of in vitro selection 
compatible with (Ba)s-barrel proteins. The selection of PRAI proteins carrying a 
functional FLAG epitope from an excess of FLAG-negative competitor proteins and 
from a large library (-7 x 106 members) of random variants was therefore undertaken. 

I , 
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4.2 Results I: Expression of FLAG-PRAI 

4.2.1 Construction of pWP101 and pWP101 a 

The ability of PRAI to accommodate sequence variation in loop 6 was investigated by 
insertion of the FLAG epitope (DYKDDDDK). At the outset it was unknown whether 
the highly charged nature of the epitope would be detrimental to protein over-expression 
and folding. For this reason PRAI carrying an alternative epitope (DYKAFDNL, 
aFLAG), identified by Slootstra et al. (1997) and shown to have a comparable affinity 
for the anti-FLAG M2 monoclonal antibody (mAb M2), was also expressed. 

The epitopes were introduced into the trpF gene encoding E. eali PRAI by overlap 
extension PCR (Horton et al., 1990). Previous molecular modelling of the consequences 
of inserting the Strep affinity tag (Schmidt et al., 1996) had suggested a requirement for 
additional, flexible linker amino acids flanking the epitope (M. Samaddar, personal 
communication). Primers were therefore designed to effect replacement of three 
residues in loop 6 (Ser385-Gly386-Gln387, numbered according to their position in the 
bifunctional PRAI:IGPS enzyme) with a 14 amino acid insertion: AGS(epitope)GSA. In 
practice, the template used for the mutagenic PCR was pMS403, which had the sequence 
encoding the Strep tag, AGHPQFGSA, inserted at this position (M. Samaddar, personal 
communication); this had no effect on the outcome. Primary amplification reactions 
using two pairs of primers for each epitope yielded products of the expected sizes: 
423 bp for the 5' fragment of trpF and 279 bp for the 3' fragment (Figure 4.7). The 
outside primers PRAI.for and PRAI.His.rev.3 were designed to introduce Neal and 
Hindlll restriction sites respectively. 

The primary products were recovered from the gel and assembled into full-length 
trpF (680 bp) in a primerless secondary reaction. The products were visualised by 
agarose gel electrophoresis (Figure 4.8), purified from the gel, and digested with Neal 
and Hindlll to generate a 654 bp fragment for cloning into pJB 122. 
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1636 

1018 

506/517 
396 
344 

--423bp 
--279bp 

86 

Figure 4.7. Primary PCR products. Lanes 1, 7. Control reactions in which the template was omitted. Lanes 2, 3. Products after amplification with primers ELF.for.I and PRAI.His.rev.3 . Lanes 4, 5. Products amplified with PRAJ.for and ELF.rev. I. Lane 6. 1 Kb Ladder DNA molecular mass standards. Lanes 8, 9. Products amplified with ELF.for.2 and PRAI.His.rev.3. Lanes 10, 11. Products amplified with PRAl.for and ELF.rev.2. The products in lanes 2-5 are for the insertion of the FLAG epitope; those in lanes 8-11 introduce aFLAG. 

bp 

2036 
1636 

1018 

506/517 
396 
344 
298 

2 3 

-- 680 bp 

Figure 4.8. Products of the trpF assembly reaction. Lane 1. Assembled trpF containing the FLAG epitope. Lane 2. 1 Kb Ladder DNA molecular mass standards. Lane 3. Assembled trpF into which the aFLAG sequence has been inserted. 

The vector used for expression of the FLAG-labelled proteins in E. coli was 
pJB122. This pTrcHis (lnvitrogen) derivative contained trpC (the gene encoding IGPS) 
in frame with the bacteriophage 'A D gene, with expression of the fusion protein under 
the control of the trc promoter. The entire gene fusion was excised by digestion with 
Neal and Hindlll and was replaced by ligating the mutagenised trpF species with the 
vector backbone, generating the plasmids pWPlOl and pWPlOla for the expression of 
FLAG- and aFLAG-labelled PRAI respectively (Figure 4.9). The ligation products were 
used to transform E. coli XLl-Blue. A PCR screen of eight colonies resulting from the 
pWPlOl ligation and seven from the pWPlOla ligation suggested that in both cases at 
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Hindi/I 
pJB122 pWP1011101a 

(5480 bp) (4926 bp) 

Hindi/I 

t 
1. Ncol/Hindlll, purify 4.3 kb vector 
2. Ligate with FLAG-PRAI PCR product 

Figure 4.9. Cloning strategy employed in the construction of pWPlOl and pWPlOla. The trpF PCR 
products and pJB122 were both digested with Neal and Hindlll, which generate non-complementary 
overhanging ends. This ensured ligation of the insert in the correct orientation. The position of the 
epitope in the PRAI gene is shown as a black bar. 

least 75% of the transformants were carrying the correct construct (Figure 4.10). To 
avoid amplification of the chromosomal copy of trpF in the screen, one primer 
(PRAI.His.rev.3) was complementary to the gene, while the other (PCE820.for) was 
complementary to the vector backbone upstream of trpF. The plasmid-derived PCR 
product indicative of a successful ligation was consequently 864 bp in length. 

~864bp 

Figure 4.10. PCR screen of putative pWPlOl and pWPlOla transformants. Lanes 1, 2. Colonies 
screened from the vector-only transformation (negative control) . Lanes 3, 19. 1 Kb Ladder DNA 
molecular mass standards. Lanes 4-10. Results of screening for the presence ofpWPIOla. All but one 
clone (lane 9) clearly show amplification of the desired 864 bp fragment. Lanes 11-18. Colonies screened 
for the presence of pWPlOl. Amplification of a plasmid-derived product from six of the eight clones 
screened implies successful ligation. 
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Plasmid DNA was prepared from 3 ml cultures of two clones carrying each 
construct (A3, A8, D2 and D6; represented in lanes 6, 10, 12 and 16 respectively of 
Figure 4.10). The PCR product from clone D6 appeared significantly smaller than the 
other products; this clone was therefore selected for further analysis to control for the 
possibility that it was the sole correct construc;t. Restriction mapping of the selected 
clones yielded products of the sizes expected for a trpF-pJB 122 construct in all four 
cases, including clone D6 (Figure 4.11). DNA sequence analysis using primer 
PRAI.His.rev.3 confirmed the presence of the epitope insertions in clones A3, A8 and 
D2. The sequencing results for clone D6 were inconclusive, but in view of the correct 
data being obtained for clone D2, this clone was not analysed further. 

123456789 

5.0kb-
___ .... ___ _ - -4.3kb --- ........ _ ... -o.?kb -

bp 10 11 12 13 14 

4072 
3054 
2036 
1636 

1018 

506/517 

·-------
........ ~--· ....... ----· 

-4.1kb 

-o.Bkb 

Figure 4.11. Restriction enzyme analysis of selected pWPlOla and pWPlOl clones. Lanes 1-4. HindIII
digested DNA from clones A3, AS, D2 and D6 respectively. Lanes 5, 10. 1 Kb Ladder DNA molecular 
mass standards. Lanes 6-9. HindIII/NcoI-digested DNA from the four clones. Lanes 11-14. Plasmid 
DNA digested with Pvull. All fragment sizes match those predicted for pWPlOla (clones A3 and AS) and 
p WP 101 (D2 and DS), although visualisation of the 0.1 kb fragment generated on Pvull digestion proved 
impossible. 

4.2.2 . Purification of FLAG- and aFLAG-PRAI 

4.2.2.1 IPTG-induced expression 

Clone D2, carrying pWPlOl, and clones A3 and A8 (pWPlOla) were assessed for over
expression of FLAG- and aFLAG-labelled PRAI. Wild-type PRAI (wtPRAI) was also 
expressed and purified for use in control experiments. The clqne used for the expression 
of wtPRAI, pMS401, had been constructed and tested previously (M. Samaddar, 
personal communication). Induction was by the addition of IPTG, leading to Laclq 
derepression at the trc promoter. SDS-PAGE analyses of samples taken immediately 
prior to and at the conclusion of induction demonstrated successful over-expression in 
all four cases (Figures 4.12 and 4.13). 
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kDa 1 2 3 

97.4 
66.2 

45.0 

31.0 

21.5 

14.4 

4 5 6 

-
..._ FLAG-PRAI 
..._PRAI 

89 

Figure 4.12. SDS-PAGE analysis of soluble intracellular protein fractions from the induction of wtPRAI and FLAG-PRAI. Lanes 1, 6. Low Range molecular mass standards. Lanes 2, 3. Time-point samples of the wtPRAI induction, taken at t = 0 hand t = 3.5 h respectively. Lanes 4, 5. Time-point samples from expression of FLAG-PRAI (clone D2), taken at t = 0 hand t = 3.5 h. Bands corresponding to the overexpressed proteins are visible in Janes 3 and 5. 

kDa 

66.4 
55.6 
42.7 

36.5 

26.6 

20.0 

14.3 

; 2 3 4 5 

..._ aFLAG-PRAI 

Figure 4.13. SDS-PAGE demonstrating the presence of over-expressed aFLAG-PRAI in the soluble intracellular fractions of clones A3 and A8. Lane 1. Broad Range molecular mass standards. Lanes 2, 4. Samples taken prior to the induction of expression of clones A3 and A8 respectively. Lanes 3, 5. Samples taken 3 h after induction. Lane 3 indicates successful expression of clone A3; lane 5 is even more conclusive in the case of clone A8. 

For all three expressed protein species, the apparent molecular mass observed by 
SDS-PAGE differ.ed from that predicted on the basis of amino acid sequence 
(Table 4.1 ). This anomalous electrophoretic mobility may be attributable to a number of 
factors, including an unusual distribution of charged amino. acids, incomplete unfolding, 
non-standard binding of SDS or post-translational glycosylation (although the latter is 
very unlikely in E. coli). FLAG-PRAI migrates particularly slowly, suggesting that the 
significant change in pi effected by insertion of the highly charged epitope is a 
contributing factor. Further, wtPRAI has previously been observed to elute from an 
analytical gel filtration column at a molecular mass approximately 1800 Da greater than 
expected (Eberhard et al., 1995). 
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Protein 
wtPRAI 
FLAG-PRAI 
aFLAG-PRAI 

Aooarent molecular mass (Da) 
24 OOO 
28 OOO 
26 OOO 

Predicted molecular mass (Da) 
22 100 
23 200 
23 200 

90 

Estimated pi 
5.7 
5.3 
5.6 

Table 4.1. Discrepancies in the apparent and expected molecular masses of the expressed PRAJ proteins. 
Apparent molecular mass was estimated by interpolation on the linear gradient generated when the 
distances migrated by the standards in Figures 4 .8 and 4.9 were plotted against their molecular masses. 
Expected molecular masses and isoelectric points were estimated using the Mac Vector software package. 

4.2.2.2 Anti-FLAG western blotting 

To reconfirm the identity of the expressed proteins and to investigate the reactivity of 
aFLAG with the anti-FLAG M2 monoclonal antibody, western blots were carried out on 
crude soluble fractions after cell lysis by sonication (Figure 4.14). As expected, wtPRAI 
was unreactive, while the proteins carrying both FLAG and aFLAG generated strong 
signals. In addition to verifying the solubility and identity of the epitope-labelled 
proteins, this confirmed that they were translated in the correct frame. However, marked 
degradation of the samples, which had been stored as crude lysates (with added protease 
inhibitors) at 4°C for 2: 24 h, was apparent, particularly for clone A3. An epitope

containing, soluble degradation product of approximately 15 kDa was prominent in each 
sample (Figure 4.14). Given the mass of this fragment, it was possible that the observed 
degradation was due to proteolysis at or near the site of the epitope insertion. This is 
interesting in light of subsequent results in which a truncated variant of PRAI was 
selected, and will be discussed elsewhere (section 4.7.7). Clone A3 was not analysed 
further due to its conspicuous degradation. 

kDa 1 2 3 4 5 6 7 8 9 10 
175.0 

83.0 

62.0 
47.5 

32.5 

25.0 

16.5 

6.5 

Figure 4.14. Western analysis of the PRAI inductions. Lanes 1, 7, 10. Prestained Broad Range 
molecular mass standards. L anes 2, 3. Samples of wtPRAI (soluble cell lysate) taken before and after 
induction of expression respectively. Lanes 4, 5. Soluble fractions from the FLAG-PRAI induction at 
t = 0 h (lane 4) and t = 3.5 h (lane 5). Lane 8. Purified wtPRAI assayed independently to that shown in 
lanes 2 and 3. Lanes 9, 10. Crude, soluble cell Jysates from aFLAG clones A3 and A8 respectively. 
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4.2.2.3 Protein purification by metal affinity chromatography 

The expressed proteins carried hexa-histidine affinity tags at their C-termini. Affinity of 
the (His)6-tag for the immobilised divalent cobalt ions of the TALON resin enabled both 
wtPRAI and FLAG-PRAI to be purified to near-homogeneity in a single step (Figures 
4.15 and 4.16). The (His)6-tagged proteins were not readily observable in the fractions 
that were not adsorbed by the resin (lane 1 in both Figure 4.15 and Figure 4.16). While 
some losses occurred on washing the resin with low concentrations of imidazole (Figure 
4.16, lane 2), the final yields of purified wtPRAI and FLAG-PRAI were both estimated 
at 30-50 mg per litre of induced culture. 

2 3 4 5 kDa 

66.4 
55.6 
42.7 

36.5 

26.6 

20.0 

14.3 

Figure 4.15. SDS-PAGE analysis of fractions eluted from the TALON resin in the purification of wtPRAI. Lane 1. Unadsorbed protein recovered after incubation of the crude cell lysate with the resin (10 µI aliquot). Lanes 2-4. Protein-containing fractions eluted from the resin by addition of 100 mM imidazole (15 µI samples). Lane 5. Broad Range molecular mass standards. 

kDa 1 2 3 4 5 6 7 8 

66.4 
55.6 
42.7 

36.5 

26.6 

20.0 

Figure 4.16. SDS-PAGE analysis of the purification of FLAG-PRAI by metal affinity chromatography. Lane 1. Proteins of the soluble cell lysate that were not adsorbed on the TALON resin (10 µI sample). Lane 2. A 10 µI aliquot of the proteins eluted by washing in 10 mM imidazole. Lane 3. A sample from the insoluble pellet obtained after cell lysis. Lane 4. Broad Range molecular mass standards. Lanes 5-8. Protein-containing fractions (10 µI aliquots) eluted by addition of 100 mM imidazole. 

I, 



Chapter 4: In vitro selection on a (f3a)a-barrel scaffold by plasmid display 92 

Despite repeated attempts, the purification of aFLAG-PRAI (clone A8) from the 
crude cell lysate (Figure 4.13, lane 5) proved impossible. Sequence from the 3' end of 
the trpF gene in pWPlOla was consequently obtained using primers PRAI.for and 
ELF.for.2. Perhaps unsurprisingly, the gene was found to contain a single nucleotide 
deletion at a position 11 bp upstream of the beginning of the (His )6-tag. The mutation 
was in the region complementary to the primer PRAI.His.Rev.3, and so went undetected 
when the clone was originally sequenced to confirm the presence of the inserted epitope. 
The frameshift destroyed the (His)6-tag and extended the resulting protein by six amino 
acids - a change which may have contributed to the anomalous electrophoretic mobility 
observed for this clone. All further experiments therefore focussed on FLAG-PRAI, as 
its soluble over-expression suggested that the charged nature of the inserted epitope was 
not proving detrimental to the folding of the protein. 

4.2.3 Can PRAI accommodate the insertion? 

The primary aim of constructing pWPI01 and expressing FLAG-PRAI was to assess 
whether loop 6 (and by inference the other active site-forming loops) of PRAI could 
tolerate variation in sequence and length with the preservation of the overall structural 
integrity of the protein. No consideration was given to the maintenance of function: the 
presence of even residual catalytic activity would be improbable after the insertion of a 
14-residue, highly charged epitope into a loop thought to be critical for substrate 
binding. Indeed, a qualitative PRAI activity assay on a crude FLAG-PRAI cell lysate 
yielded no detectable conversion of PRA to CdRP, while wtPRAI prepared and assayed 
in parallel gave a strong response (Figure 4.17). 

The initial data suggested that PRAI was able to accommodate the insertion of the 
FLAG epitope without perturbing the (~a)8-barrel scaffold. FLAG-PRAI was expressed 
to high levels in E. coli and was found in the soluble fraction upon cell lysis. Its absence 
from the insoluble pellet (Figure 4.16, lane 3) represented at least circumstantial 
evidence that the protein was able to fold normally in spite of the insertion. Further, 
FLAG-PRAI from a crude cell lysate tested positive for the epitope under the non
denaturing conditions of the TagDetect FLAG-Protein Detection Kit (Stratagene). This 
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implied that, as expected, the epitope remained accessible to the antibody on the surface 
of the protein, and was not disturbing the core (j3a.)8-barrel. 
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Figure 4.17. Spectrophotometric assay for PRAI activity. Enzyme-catalysed conversion of PRA to CdRP was detected as an increase in absorbance at 350 nm. The volumes of soluble lysates assayed were normalised based on total protein concentration (as estimated by absorbance at 280 nm). Green circles, wtPRAI; red diamonds, FLAG-PRAI. See section 4.8.2.8 for full experimental details. 

The circular dichroism (CD) spectra of wtPRAI and FLAG-PRAI in buffer in 
which wtPRAI retains catalytic activity were compared. The spectra are shown m 
Figure 4.18. The small observed differences in signal intensity are more likely to 
represent inaccuracies in determining the concentrations of the samples than any 
significant changes in secondary structure. Even allowing for minor perturbations, the 
CD data therefore confirmed that FLAG-PRAI retains secondary structure in solution. 

The implication of these data is that in non-denaturing conditions FLAG-PRAI 
exists in a stable, folded and soluble state, displaying both the (His)6-tag and the FLAG 
epitope on its surface. Further, the high-affmity recognition of FLAG-PRAI by mAb 
M2 demonstrated the potential utility of this interaction as the basis of an in vitro 
selection. 
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Figure 4.18. Far UV circular dichroism spectra of wtPRAI (green) and FLAG-PRAI (red). Raw data 
were compared via their conversion to mean residue ellipticity values ([ 8Jmrw) and each trace represents 
the mean of eight wavelength scans from which buffer-only baselines have been subtracted. Refer to 
section 4.8.2.9 for further experimental details. 

4.3 Results II: Lessons in library construction 

Any experiment involving directed evolution on the PRAI scaffold will require the 
analysis of large libraries of sequence variants. Examples in which libraries of 
(~a)8-barrel protein sequences have been constructed are rare; further, until very recently 

(Griffiths & Tawfik, 2003; Verhaert et al., 2002) only selection strategies based on 
genetic complementation in viva have been employed. In the first instance, then, a trial 
library was constructed in which residues of the FLAG epitope were randomised and 
selection by plasmid display was for binding to the anti-FLAG antibody mAb M2. 

4.3.1 Generating a FLAG epitope library 

Overlap extension PCR was used to generate a library of trpF variants (trpFL 1) in which 
the codons for residues Dl, Y2, K3 and D6 of the FLAG epitope were randomised. 
Data from the analysis of alternate FLAG peptides had previously determined that these 
amino acids are the most critical for binding mAb M2 (Miceli et al., 1994; Slootstra 
et al., 1997). In particular, even a conservative substitution of either Y2 or K3 (with 
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phenylalanine or arginine respectively) was found to result in a 30-fold reduction in the 
affinity of the peptide for mAb M2, as measured by ELISA analysis (Slootstra et al., 
1997). In the same study, it was shown that mutation of Dl to glutamate led to a 
six-fold decrease in binding affinity; for the D6E variant the factor was only 1.3-fold. It 
was consequently hypothesised that affinity . selection for mAb M2 from the trpFLI 
library would uncover novel sequences in addition to the DYKDDDDK motif, although 
it was expected that at least Y2 and K3 would be conserved in the selected variants. 
Further, it was unknown at the outset whether imposing some functional constraint on 
the randomised epitopes - by tethering them within loop 6 of PRAI - would result in 
selection for different determinants of affinity from those observed by Slootstra et al. for 
synthetic peptides. 

The template used in the construction of the library was p WP 101, encoding 
FLAG-PRAI, to which complementary primers randomised with NNS codons at the 
appropriate positions were designed. For cloning into the vector encoding the p50 
fusion partner, it was necessary to introduce a Sall restriction site at the 5' end of 
trpFLl. This was encoded by primer Sal.for, which was used in conjunction with 
Sal.rev to generate a 413 bp primary PCR product (Figure 4.19). The 3' end of trpFLl, 
including the randomised sequence of the FLAG epitope, was amplified by Lib.for and 
PRAI.His.rev.3, producing a 291 bp fragment (Figure 4.19) which contained a HindIII 
site at the 3' end. 

bp 1 2 3 4 5 6 7 

1636 
1018 

5961517 
396 
344 
298 

--- 413 bp 
--- 291 bp 

Figure 4.19. Primary amplification products in the construction of trpFLl. Lanes I, 5. Negative controls (no added template DNA). Lanes 2, 3. Products after PCR with primers Sal.for and Sal.rev. Lane 4. I Kb Ladder DNA molecular mass marker. Lanes 6, 7. Products amplified with Lib.for and PRAI.His.Rev.3. The absence of primer bands in lanes 6 and 7 suggested that the reaction had gone to completion, and accounts for the very high product yield. 
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The primary products were gel-purified to remove misprimed products and excess 
primer DNA, and assembled into full-length trpFLI (683 bp) in a primerless secondary 
reaction (Figure 4.20a). In the absence of flanking primers, this assembly reaction did 
not involve amplification. Further, due to the anti-parallel complementarity of DNA 
base pairing, only one strand of each of the primary products was assembled. 
Consequently, even if the secondary reaction were complete, unassembled primary 
products would be present at the same molarity as the full-length gene. A further gel
purification step was therefore necessary (Figure 4.20b ). 

bp 1 2 3 bp 1 2 3 

2036 
1636 2036 

1636 
1018 

- 683bp 1018 

506/517 
396 - 683bp 344 
298 506/517 

396 
344 
298 

A. B. 
Figure 4.20. Assembling full -length trpFLI from the products of the primary PCR. (A) and (B) are samples electrophoresed before and after gel purification of the 683 bp product respectively. Unassembled primary products are apparent in (A). Lanes 1, 3. Aliquots from duplicate assembly reactions. Lane 2. 1 Kb Ladder DNA molecular mass marker. 

. Randomising four ammo acid pos1t10ns using NNS codons generates 
approximately one million sequence variants (324 = 1 048 576). However, solving 
equation 2 ( section 3 .2.1) for library size L suggests that a library expected to contain 
99% of these sequences must be considerably larger (L ~ 4.8 x 106

). Taking into 
consideration the inefficiency of ligation and bacterial transformation by electroporation, 
with associated clean-up and desalting steps, it was apparent that further amplification of 
trpFL 1 was required; this was achieved by PCR with the outside primers Sal.for and 
PRAI.His.rev.3. Aliquots of the amplified product are shown in Figure 4.21. Despite 
the apparent homogeneity of the samples, they were gel-purified prior to digestion and 
ligation. 
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Figure 4.21. Amplified secondary PCR products. Lane 1. 1 Kb Ladder DNA molecular mass marker. Lanes 2-4. Samples from three secondary amplification reactions (2 µl aliquots). In total, nine identical reactions were carried out, each in a total volume of 50 µI. 

4.3.2 Construction of pWP102 and pWP103 

PRAI forms the C-terminal domain of the bifunctional PRAI:IGPS enzyme in E. coli. 
This domain arrangement was mimicked in the plasmid display system, by fusing p50 to 
the N-terminus of each library member. The vector selected for expression of the p50 
fusion proteins was pRESI 12 (Figure 4.22; Speight, 2000). This pUC19 derivative 
encodes (from 5' to 3') p50, a polyasparagine linker (Asn10) and a cloning cassette. The 
p50 DNA binding site (5'-GGGAATTCCC-3'), essential for association of the protein 
and the plasmid during selection, is located in the -10 region of the lac promoter used to 

pRES112 
(3293 bp) 

Figure 4.22. Map of pRESl 12, a plasmid for expression of p50 fus ion proteins for use in plasmid display. For clarity, only the unique HindIII and Sall restriction sites used in subsequent cloning are shown. 
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drive expression of p50. This insertion has been shown not to affect the intrinsic 
strength of the promoter, although it does disrupt the Lael binding site, making induction 
with IPTG unnecessary (Hart et al., 2001). Moreover, this design feature effectively 
regulates expression: translated p50 acts as a repressor of its own synthesis, preventing 
the production of excess protein molecules which may bind non-self plasmids during 
in vitro selection. 

Initial ligations of trpFLl and pRESl 12, both of which had been digested with 
San and HindIII to generate non-complementary overhanging ends, yielded very high 
backgrounds of vectors lacking an insert. Restriction with the two enzymes only excised 
a 20 bp fragment from the cloning cassette of pRESl 12 (Figure 4.22), making it 
impossible to discriminate between doubly- and singly-digested plasmid molecules by 
agarose gel electrophoresis. The vector-only background was attributed to the 
re-ligation of singly-digested molecules which had been co-purified with the doubly
digested plasmid. To overcome this, the kanamycin resistance gene (npt) was excised 
from pRHl 090 as a 1.3 kb Sall fragment and ligated into the pRES 112 cloning cassette, 
generating p WPl 02 (Figure 4.23). The construction was trivial, owing to selection of 
transformants on the basis of conferred resistance to both kanamycin and carbenicillin 
(the gene for the latter was encoded by pRES112). Preparation of the new plasmid, 
pWP102, for ligation with trpFLI now involved excision of a 590 bp HindIII fragment 

Sall 

Hindi/I 

Sall 

pWP102 
(4545 bp) 

Figure 4.23. Map of pWP102. The orientation of the kanamycin resistance gene was confirmed by restriction mapping. For clarity, only the Hindlll and Sall restriction sites used for cloning trpFLI and the Seal site used for disrupting the ampicillin resistance marker (refer section 4.5.1) are shown. 
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of npt, followed by cleavage of a second fragment ( 682 bp) from the linearised vector by 
Sall (Figure 4.23). Agarose gel electrophoresis could be used to monitor each digestion 
until completion (Figure 4.24). 

bp M V bp M V 

4072 4072 
3054 3054 

2036 
2036 1636 
1636 

1018 
1018 

506/517 506/517 

A. B. 
Figure 4.24. Preparation of pWP102 for ligation with trpFLl. (A) Complete digestion of the vector by HindIII. (B) Removal of the second fragment by Sa/I digestion. M = 1 Kb Ladder DNA molecular mass marker; V = vector preparation. 

After over-digestion with HindIII and Sall (16-25 h incubations), trpFLl and 
pWP102 were ligated, generating pWP103. This plasmid was introduced into E. coli 
XLl-Blue by electroporation. The resulting library contained 6.9 x 106 transformants, as 
estimated by plating dilutions on LB-carbenicillin. Importantly, a control transformation 
demonstrated that the vector-only background comprised less than 0.5% of the library, 
giving an effective (insert-containing) library size of at least 6.8 x 106

• This corresponds 
to 6.5-fold degeneracy of the trpFLl library and an estimated completeness (equation 2, 
section 3 .2.1) of 99. 8%. 

4.3.3 Selection of FLAG-PRAI from the library 

Members of the trpFL 1 library were subjected to a round of affinity selection for 
immobilised mAb M2, using a 96-well plate format adapted from the basic plasmid 
display methodology described by Speight et al. (2001). Fe-specific anti-mouse IgG 
was initially adsorbed to the surfaces of the wells. Immobilisation of rhAb M2 was then 
via its high-affinity recognition by the adsorbed antibody. The use of anti-mouse IgG as 
an intermediary in the immobilisation process was found to increase the yield of selected 
plasmids, presumably by facilitating a uniform presentation of the mAb M2 molecules 
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available for FLAG epitope recognition. Fusion protein-plasmid complexes were 
prepared for selection by gentle osmotic lysis of spheroplasts prepared from the 
transformant library. Additionally, herring sperm DNA was added to the p50 binding 
buffer to ensure that if any fusion protein did dissociate from its encoding plasmid 
during or subsequent to spheroplast lysis - thereby disrupting the genotype-phenotype 
association required for selection - it was unlikely to complex a selectable but non-self 
plasmid. In vitro selection and the removal of unselected plasmids in a series of 
medium-stringency washes proved straightforward. Selected plasmids were recovered 
by favouring p50-DNA dissociation in a high-salt buffer; a desalting step was therefore 
required prior to re-transformation by electroporation. The cycle of selection was 
completed in less than 24 h. 

To demonstrate selection for FLAG-PRAI, 85 selected clones were screened by 
colony blotting with mAb M2. The results were dramatic: as expected, none of the 
colonies from the unselected library screened positive for the FLAG epitope; however, 
29 of the clones screened after selection (34%) were FLAG-positive (Figure 4.25). 

C 
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Figure 4.25. Colony blot of 85 clones after a single round of selection for binding to mAB M2. The 29 
FLAG-positive colonies are clearly discernible. (A), (B) and (C) are controls: . (A) colony carrying 
pWPlOl and expressing FLAG-PRAI; (B) colony of pRESl 12-containing E. coli, expressing p50 only; 
(C) colony expressing PRAI with inserted Strep affinity tag but no FLAG epitope (encoded on the plasmid pMS403). 

1 I 



Chapter 4: In vitro selection on a ({Ja)a-barrel scaffold by plasmid display 101 

The colony blot indicated a very high level of enrichment for FLAG-presenting variants. In an NNS codon scheme, there is only one codon for each of aspartate (GAC), tyrosine (TAC) and lysine (AAG). Of the 1 048 576 possible DNA sequence variants in the library, then, only one will encode the regenerated DYKDDDDK motif. Assuming that regeneration of this motif was necessary for recognition by mAb M2, the results implied enrichment from one sequence in a million to 29 sequences in 85 - a factor of 360 OOO - in a single round of selection. Alternatively, the results raised the possibility that novel, high-affinity variations of the FLAG epitope sequence had been co-selected. DNA sequence analysis of clones pre- and post-selection was therefore undertaken. 

4.3.4 DNA sequence analysis of selected clones 

Plasmid DNA was prepared from 3 ml cultures of 10 colonies from the unselected library and all 29 FLAG-positive clones identified in Figure 4.25. Readable sequence was obtained from all of the unselected clones and 26 of the positive clones using primer PRAI.His.rev.3. 

4.3.4.1 The unselected library: not quite random 

Potential bias at the randomised codon positions of trpFL I was assessed by sequencing 10 clones from the unselected library. Compiling the results revealed a strong bias towards the incorporation of thymine and against the incorporation of adenine at the randomised positions (Table 4.2). A similar bias had been observed previously in an unrelated study (D.J. Hart, personal communication), and was presumed to reflect differences in the coupling efficiencies of the four nucleotides during primer synthesis. Despite the high level of assumed redundancy (seven-fold) in the library, it can be calculated that some sequence variants are therefore unlikely to be represented. Using the sequence data obtained to estimate nucleotide frequencies at each position of the NNS codon suggests that the codon least likely to occur was AAC (the only NNS codon corresponding to asparagine). Further, the estimated likelihood of all four randomised codons being AAC is 2.1 x 10- 12
, making the probability that this particular variant would occur in a library of 6.8 x 106 members vanishingly small (less than 0.002%, calculated using the Poisson distribution). At the other end of the spectrum, a similar 
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calculation suggests that 13% of all randomised codons in the library would have been 
TTG ( encoding leucine ). While these are the most extreme examples, bias in 
oligonucleotide synthesis was considered when subsequent libraries were constructed. 

Clone Sequence of the randolltised FLAG epitope (5' ~ 3') 
pWPlOI GAC TAC AAG GAC GAC GAT GAC AAG UI TGG CCC CTC GGG 
U2 TTG GGG CTG GCG 
U3 

GTC GAC 
U4 TAG TGG GGC TTG us GTG TTG TTG GCG 
U6 GTG CTG CCG TTC 
U7 TGC GGG ACG CGG us GTC GAC TTG 
U9 GAG TTG GT* GTG 
UlO TTC TCC TCC ATC 
* A I bp deletion was observed at this position. 

Table 4.2. Sequences from unselected clones. The sequence encoding the full FLAG epitope (DYKDDDDK) of pWPlOl is shown. For clarity, only the randomised codons of the library members have been tabulated. Note a general under-representation of adenine nucleotides in the randomised codons. In clones U3 and US, randomisation produced a Sall restriction site (GTC GAC). The presence of this site led to a truncated gene being cloned into p WPl 02 - the sequence 5' to the site was that of p50. 

Two more anomalies were uncovered in the analysis of the unselected clones. 
First, one of the 10 sequences (U9) contained a single nucleotide deletion, implying a 
potentially significant frequency of mispriming events during the overlap extension 
process. Second, randomisation produced Sall sites in clones U3 and U8. The use of 
this restriction enzyme in the cloning procedure led to ligation of a truncated gene. Prior 
to the construction of the library, it went unnoticed that two of the randomised codons 
were adjacent to GAC codons (for aspartate ). The likelihood that the restriction site -
GTC GAC - is generated in any given variant is therefore equal to the probability that at 
least one of these two codons is GTC. Using the nucleotide frequencies estimated from 
Table 4.2, this probability equates to 8.5%. Each of these anomalies effectively 
decreased the size of the usable library. 

4.3.4.2 Selecting the epitope 

Colony blotting demonstrated irrefutably that > 30% of the clones selected after a single 
round of plasmid display contained a functional epitope (Figure 4.25). However, if the 
nucleotide frequencies estimated from the unselected sequence data were correct, the 
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probability of encoding the DYKDDDDK motif should have been approximately 
1 in 109

, making its representation in the library extremely unlikely. How, then, could 
these observations be reconciled? 

Of the 26 FLAG-positive clones from which readable sequence was obtained, 24 
proved to be identical (Table 4.3). Furthermore, every codon of these 24 variants was 
identical to the corresponding pWPlOl sequence, including a GAT codon for D6 of the 
FLAG epitope, which should have been excluded in an NNS codon scheme. The 
implication is that a contaminating p WP 101 sequence was somehow incorporated into 
the library, and that this sequence had been selected preferentially. Neither the vector 
used, p WP 102, nor its parental plasmid, pRES 112, had ever contained a PRAI gene of 
any description, therefore excluding them as sources of contamination. The most likely 
explanation is that trace amounts of p WP 101 were present during the secondary 
amplification of trpFLl, and that these contaminants were amplified concurrently with 
the library. Possible sources of the pWPlOl DNA included laboratory surfaces, pipettes 
and reagents that may have been used in previous manipulations, although all the usual 
precautions had been enforced. 

Clone Sequence in the region of the FLAG epitope (5' ~ 3') 
pWPIOl GAC TAC AAG GAC GAC GAT GAC AAG GGT AGT 
"Consensus" GAC TAC AAG GAT 
1-26 GAC TAC AAG GAT GAC AAG GGG TAG 
1-28 GAC TAC AAG GAC GAG GCA AGG GGT 

Table 4.3. Sequence analysis of FLAG-positive clones. Non-randomised codons identical to the template sequence (pWPIOl) are omitted for clarity. The "Consensus" sequence is that obtained for 24 of the clones. Variant 1-26 contained a single inserted guanine nucleotide. In clone 1-28, insertion of two guanine bases was observed. 

It was not practicable to screen the large numbers of colonies from the unselected 
library necessary to estimate the degree of contamination accurately. However, the 85 
unselected clones that were screened were all negative for the FLAG epitope, suggesting 
an absolute maximum contamination frequency of perhaps 1 %. Assuming that in 
actuality, 1 % of the library variants encoded the parental FLAG sequence, reassessment 
of the data implies only 34-fold enrichment in the round of selection. While this result is 
far less agreeable than that originally calculated, two further points are noteworthy. 
First, the level of enrichment is likely to have been considerably higher than 34-fold, 
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although this cannot be verified unless many more unselected colonies are screened for 
the presence of a functional epitope. Second, the primary aim of this study was to 
demonstrate the compatibility of the plasmid display format with selection based on a 
(~cx)8-barrel scaffold - an aim which was achieved here, albeit via an unexpected route. 

Two of the selected FLAG.:.positive variants contained insertional mutations in the 
region of the epitope. In clone 1-26, the insertion of a single guanine nucleotide in the 
first codon downstream of the epitope sequence resulted in production of an in-frame 
stop codon (TAG). The carboxyl terminus of the protein was therefore 
- DYKDDDDKG, (~ex) units 7 and 8 of the (~a)s-barrel were absent, and the protein was 
shortened by 75 amino acids. Sequence obtained from a second clone, 1-28, revealed a 
GAC codon - that allowed in an NNS scheme - for D6 of the epitope. Demonstration 
that the expected sequence variant was represented in the library suggested that 
nucleotide usage in the randomised positions may not have been as biased as the data 
sampled from the unselected library imply. However, clone 1-28 also incorporated a 
dinucleotide insertion (- GG- ) in the codon for D7 of the FLAG sequence. The resulting 
frameshift produced an epitope with the sequence DYKDDDEA, and a protein that was 
truncated by 66 amino acids. The fact that these truncated variants remained soluble ( a 
prerequisite for successful display) appeared to support evidence that there is an 
autonomously-folding, N-terminal subdomain of PRAI (Eder & Kirschner, 1992; 
Jasanoff et al., 1994). Further, it implied that removing the structural constraints 
imposed on the FLAG epitope by tethering it at both ends within loop 6 might have 
increased the affinity of the epitope for mAb M2. These hypotheses will be addressed in 
due course (section 4.6.3). 

4.4 Results Ill: Trials demonstrate in vitro selection 

While the first attempt at selecting for mAb M2 antibody binding established that the 
PRAI scaffold is amenable to in vitro selection by plasmid display, the presence of a 
wild-type contaminant at a low but undetermined frequency made it impossible to 
quantify the level of enrichment observed. For this reason, and to demonstrate 
unequivocally that plasmid display could be used to select full-length (~cx)s-barrel 
proteins, two trial enrichments were carried out in which the FLAG-positive clone 
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identified in 24 of the 26 clones analysed previously (i. e. the "Consensus" clone in 
Table 4.3) was diluted 103-fold and 106-fold in a background of the FLAG-negative 
clone U2 from the unselected library (Table 4.2). 

The number of FLAG-negative cells used in each enrichment was fixed at 
1.25 x 1010

, i.e. equivalent to 25 ml of culture at an OD6oo of 1.0 (calculated assuming 
that an OD6oo of 1.0 corresponds to a concentration of 5 x 108 cells.mr1). The 10-3 

dilution therefore contained approximately 1.25 x 107 cells carrying the FLAG-positive 
clone, while the 1 o-6 dilution contained a mere 12 500 FLAG-positive cells. 
Spheroplasts were prepared and lysed, and lysates were panned on immobilised mAb 
M2 exactly as previously described for the randomised library trial. Successive rounds 
of selection and re-transformation were assessed by colony western blotting using mAb 
M2; representative blots are shown in Figure 4.26 (10-3 dilution) and Figure 4.27 
(1 o-6 dilution) and the complete set of results is summarised in Table 4.4. 
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Figure 4.26. Colony western blots of 86 clones isolated after each of Round 1 (left) and Round 2 (right) of selection for a FLAG-positive variant from an initial dilution of 10-3

• The two clones used in the enrichment were also used as controls for the colony blot : (A) the "Consensus" FLAG-positive variant; and (B) the FLAG-negative clone U2. 

As can be seen in the two figures (Figure 4.26; Figure 4.27) and Table 4.4, 
enrichment of the FLAG-positive clone to near-homogeneity was achieved in three 
rounds of selection or less for each dilution. Enrichments of up to an estimated 340-fold 
per round of selection were observed, consistent with previously reported results 
(Speight et al., 2001). Indeed, because no positive clones were observed after a single 
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Figure 4.27. Colony blots of 86 clones from each of Rounds 1 (left), 2 (centre) and 3 (right) of selection from a 10·6 dilution of the FLAG-positive "Consensus" clone in a background of the FLAG-negative clone U2. Controls (A) and (B) are as described for Figure 4.26. 

round of selection from the 10"6 dilution, it is possible that the actual enrichment factor 
was much higher here. Enrichment by a factor of 5000 in Round 1 of selection would 
give a resultant frequency of positive clones of one in 200. The Poisson probability of 
randomly choosing 172 negative clones to blot in such a scenario is 42%. An 
enrichment factor of 5000 probably therefore represents a maximal estimate, especially 
as this would then have to be followed by a much less significant enrichment of only 
23-fold in Round 2 to give the observed frequency of positive clones. 

Selection # Colonies #FLAG- %FLAG- Enrichment 
round recovered positive positive factor A. 1 in lOj 0 of48 (0.1%) NA 

1 35 OOO 26 of 172 15% 150-fold 
2 1 500 OOO 138 of 172 80% 5.3-fold 

B. 1 in 106 
0 ofl66 (0.0001%) NA 

1 240 OOO 0 of 172 <0.6% 340-fold" 
2 360 OOO 20 of 172 12% 340-fold" 
3 5 800 OOO 158ofl72 92% 7.9-fold 

• Enrichment factors per round estimated by taking the square root of the total enrichment (I 16 OOO-fold) observed between Round O and Round 2 (when positive colonies were first detected). 

Table 4.4. Results of colony blotting demonstrate selection for the FLAG-positive PRAI clone to nearhomogeneity over successive rounds of plasmid display. (A) Dilution of 10·3; (B) 10·6 dilution; NA, not applicable. · 

Finally, six FLAG-positive clones from each of rounds 1 and 2 (10·3 dilution) and 
rounds 2 and 3 (1 o-6 dilution) were sequenced using primer Rand.for.2 . In all cases the 
sequence obtained was identical to that of the input clone from the original dilution, 
confirming bonafide selection for a full-length (~a)8-barrel protein by plasmid display. 
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4.5 Results IV: Selection from an "idealised" library 

Selection from a library in which the FLAG epitope was randomised (i.e. XXXDDXDK) 

was next revisited, incorporating a variety of design features and strategies informed by 

previous results. 

4.5.1 Construction of a new vector backbone: pWP104 

To avoid the risk of contaminating the new library with plasmids encoding previously 

identified, selectable fusion proteins, the resistance marker in pWP102 (Figure 4.23) was 

changed to chloramphenicol. The chloramphenicol acetyltransferase (cat) gene was 

excised as a 793 bp fragment from a pUC19 derivative previously constructed in our 

laboratory (pUC-CAT; a gift from D.J. Hart) by digestion of 2.5 µg plasmid DNA with 

HindIII. After gel-purification, the overhanging ends of the insert fragment were filled 

in using Kienow DNA polymerase. Approximately 10 µg of pWP102 DNA was 

linearised with the blunt-cutting restriction enzyme Seal; ligation of the vector and the 

cat insert yielded pWP104 (Figure 4.28). Transformed E. coli XLl-Blue clones were 

identified by their resistance to both chloramphenicol and kanamycin, although note that 

the cat cloning strategy led to disruption of the ampicillin resistance marker of p WP 102. 

Sall 

Hindi/I 

Sall 

pWP104 
(5338 bp) 

Figure 4.28. The new library vector pWP104. The orientation of the chloramphenicol resistance gene 
was confirmed by restriction mapping. The disrupted ampicillin resistance gene is represented as two 
light grey bars. HindIII and Sa/I restriction sites used in cloning trpFL2 are shown; other restriction sites 
have been omitted for clarity. 
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4.5.2 Construction of a new library template: pWP105 

Selection from the first FLAG epitope library had identified two salient problems: 
contamination with the FLAG-positive template used to construct the library; and the 
incorporation of a GTC trinucleotide at either the third or the fourth randomised codon 
positions leading to the generation of a Sall restriction site (Table 4.2). To circumvent 
the first issue, the template used for construction of the second library was the 
unselected clone U2. This variant, previously used as the FLAG-negative competitor in 
trial enrichments, contained the epitope sequence LGLDDADK (Table 4.2). The 
possibility of generating unwanted San. sites was eliminated with the use of site-directed 
mutagenesis by overlap extension PCR to alter the non-randomised GAC codons (for 
aspartate) at positions four and seven of the epitope to GA T. The two point mutations 
were incorporated into primer D4D7.for, which was used in conjunction with 
PRAI.His.rev.3 to generate a 289 bp fragment corresponding to the 3' end of the trpF 
gene (Figure 4.29a). Primers Rand.for.2 and Sal.rev were used to produce the 609 bp 5' 
fragment (Figure 4.29b) and the two gel-purified products were assembled into the 
full-length library template (879 bp) in a primerless secondary reaction. 

bp 1 2 3 

2036 
1636 

1018 

506/517 
396 
344 
298 

A. 

... 289 bp 

bp 1 2 3 

2036 
1636 

1018 

... 609 bp 506/517 
396 
344 
298 

B. 
Figure 4.29. Primary PCRs for the construction ofpWPlOS. (A) Mutagenic PCR with primers D4D7.for and PRAI.His.rev.3. Lane 1. 1 Kb Ladder DNA molecular mass standards. Lanes 2, 3. Amplification products. (B) Amplification of the trpF 5' fragment. Lane 1. 1 Kb Ladder DNA molecular mass standards . Lane 2. Control reaction in which template DNA was omitted. Lane 3. Products of amplification with primers Rand.for.2 and Sal.rev. 

Both the assembled insert and pWP104 were digested with HindIII and Sall , and 
the appropriate gel-purified fragments were ligated to give pWP105 (Figure 4.30). The 
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4.5.2 Construction of a new library template: pWP105 

Selection from the first FLAG epitope library had identified two salient problems: 
contamination with the FLAG-positive template used to construct the library; and the 
incorporation of a GTC trinucleotide at either the third or the fourth randomised codon 
positions leading to the generation of a Sall restriction site (Table 4.2). To circumvent 
the first issue, the template used for construction of the second library was the 
unselected clone U2. This variant, previously used as the FLAG-negative competitor in 
trial enrichments, contained the epitope sequence LGLDDADK (Table 4.2). The 
possibility of generating unwanted Sall sites was eliminated with the use of site-directed 
mutagenesis by overlap extension PCR to alter the non-randomised GAC codons (for 
aspartate) at positions four and seven of the epitope to GA T. The two point mutations 
were incorporated into primer D4D7.for, which was used in conjunction with 
PRAI.His.rev.3 to generate a 289 bp fragment corresponding to the 3' end of the trpF 
gene (Figure 4.29a). Primers Rand.for.2 and Sal.rev were used to produce the 609 bp 5' 
fragment (Figure 4.29b) and the two gel-purified products were assembled into the 
full-length library template (879 bp) in a primerless secondary reaction. 

bp 1 2 3 

2036 
1636 

1018 . 

506/517 
396 
344 
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... 289 bp 

bp 1 2 3 
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B. 
Figure 4.29. Primary PCRs for the construction ofpWPI05. (A) Mutagenic PCR with primers D4D7.for 
and PRAI.His.rev.3. Lane 1. 1 Kb Ladder DNA molecular mass standards. Lanes 2, 3. Amplification 
products. (B) Amplification of the trpF 5' fragment. Lane 1. 1 Kb Ladder DNA molecular mass 
standards. Lane 2. Control reaction in which template DNA was omitted. Lane 3. Products of 
amplification with primers Rand.for.2 and Sal.rev. 

Both the assembled insert and p WP 104 were digested with HindIII and Sall, and 
the appropriate gel-purified fragments were ligated to give pWP105 (Figure 4.30). The 
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4.5.2 Construction of a new library template: pWP105 

Selection from the first FLAG epitope library had identified two salient problems: 
contamination with the FLAG-positive template used to construct the library; and the 
incorporation of a GTC trinucleotide at either the third or the fourth randomised codon 
positions leading to the generation of a Sall restriction site (Table 4.2). To circumvent 
the first issue, the template used for construction of the second library was the 
unselected clone U2. This variant, previously used as the FLAG-negative competitor in 
trial enrichments, contained the epitope sequence LGLDDADK (Table 4.2). The 
possibility of generating unwanted Sall sites was eliminated with the use of site-directed 
mutagenesis by overlap extension PCR to alter the non-randomised GAC codons (for 
aspartate) at positions four and seven of the epitope to GAT. The two point mutations 
were incorporated into primer D4D7.for, which was used in conjunction with 
PRAI.His.rev.3 to generate a 289 bp fragment corresponding to the 3' end of the trpF 
gene (Figure 4.29a). Primers Rand.for.2 and Sal.rev were used to produce the 609 bp 5' 
fragment (Figure 4.29b) and the two gel-purified products were assembled into the 
full-length library template (879 bp) in a primerless secondary reaction. 
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Figure 4.29. Primary PCRs for the construction ofpWP105. (A) Mutagenic PCR with primers D4D7.for and PRAI.His.rev.3. Lane 1. 1 Kb Ladder DNA molecular mass standards. Lanes 2, 3. Amplification products. (B) Amplification of the trpF 5' fragment. Lane 1. 1 Kb Ladder DNA molecular mass standards. Lane 2. Control reaction in which template DNA was omitted. Lane 3. Products of amplification with primers Rand.for.2 and Sal.rev. 

Both the assembled insert and p WP 104 were digested with HindIII and Sall, and 
the appropriate gel-purified fragments were ligated to give pWP105 (Figure 4.30). The 
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presence of the two desired point mutations in the FLAG-negative epitope from clone 

U2 was confirmed by DNA sequence analysis with primers Rand.for.2 and 

PRAI.His.rev .3. 

'O 
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Hindi/I 

pWP105 
(4727 bp) 

A. 

FLAG-ne~ative template for randomisation 
TTG GGG CTG GAT GAC GCG GAT AAG - -

L G L D D A D K 

B. 
Figure 4.30. The new library template pWPI05. (A) Plasmid map of pWPI05. The HindIII and Sall 
sites used in cloning the mutagenised trpF template for library construction are shown. The remnants of 
the ampicillin resistance gene (refer Figure 4.28) are shown as light grey bars. (B) The new FLAG
negative epitope sequence used as a template for randomisation. The translationally silent point mutations 
in codons 4 and 7 are underlined. 

4.5.3 A short note on electroporation efficiency 

It is generally accepted that E. coli cells which have not undergone a freeze/thaw cycle 

between preparation and electroporation are maximally competent for transformation by 

plasmid DNA. Over the course of reconstructing the FLAG-PRAI epitope library, 

standard transformations by 10 pg pUC19 DNA were monitored before and after 

freezing for seven independent preparations of E. coli XL I -Blue electrocompetent cells. 

As expected, electroporation efficiency decreased after storage at -80°C in all cases, by 

a mean factor of 4.3-fold ± 0.7 (median 4.2-fold; range 3.3- to 5.1-fold). While the 

mean competency of these cells after a freeze/thaw cycle was still very high (3 .0 x 109 

transformants per microgram of pUCl 9 DNA), cells were routinely prepared fresh and 

used without freezing in the construction of libraries. Further, it was shown that 

maximal transformation efficiencies (per unit mass of DNA) are achieved when minimal 

quantities of DNA are present in the electroporation. As a general guideline, it was 

found that doubling the amount of DNA used in the transformation yielded only 25-65% 

increases in the number of transformant colonies obtained. Combining these two results, 
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then, it becomes clear that using a given ligation mix to transform as many aliquots of 
freshly-prepared, unfrozen cells as is practicable will ensure that the size of the resulting 
library is maximised. The use of only a few aliquots of pre-frozen cells for the 
transformation of the same ligation will yield a library that is at least an order of 
magnitude smaller. 

4.5.4 Construction of the "idealised" library 

The second library of trpF variants (trpFL2) was constructed by overlap extension PCR, 
in a fashion almost identical to the first (section 4.3.1). The template for the primary 
PCR amplifications was the plasmid pWP105. A new primer encoding the randomised 
codons (Lib2.for) was purchased from an external source (Gibco BRL) in an attempt to 
avoid the biases observed in the original unselected library (Table 4.2); the sequence of 
this primer also incorporated the point mutations introduced to remove potential Sall 
sites. The primer pairs used in the primary reactions were therefore Rand.for.2 with 
Sal.rev (5' fragment), and Lib2.for with PRAI.His.rev.3 (3' fragment). The results of the 
primary amplifications are shown in Figure 4.31. 
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Figure 4.31. Primary amplifications of pWP105 to generate trpFL2. Lane I. Control reaction lacking template DNA. Lanes 2, 3. Aliquots from duplicate reactions with primers Rand.for.2 and Sal.rev. Lane 4. I Kb Ladder DNA molecular mass standards. Lanes 5, 6. Products from amplification with primers Lib2.for and PRAI.His.rev.3. 

As with trpFLI, the primary products were gel-purified, assembled into full-length 
trpFL2 (879 bp in this case because of the use of Rand.for.2 instead of Sal.for in the 
primary reaction) and gel-purified afresh . Secondary amplification was with the outside 
primers Sal.for and PRAI.His.rev.3 and the products (683 bp) were gel-purified for a 
final time (Figure 4.32). 
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Figure 4.32. Construction of the full-length library insert trpFL2. Lanes 1, 3, 14. 1 Kb DNA Ladder molecular mass standards. Lane 2. Assembled, gel-purified trpFL2. Lanes 4-13. Products after secondary amplification of the product in lane 2. Each lane contains a 2 µl aliquot of an independent secondary PCR; in total 20 identical reactions were carried out, each in a volume of 50 µI. 

After both the amplified insert and the library vector pWP104 had been digested to 
completion with HindIII and Sall (16-22 h incubations), 14 µg vector and 7 µg insert 
(1 :3 molar ratio, shown in trial ligations to be optimal) were ligated. After desalting, the 
ligation mix was used to transform 51 aliquots of freshly prepared E. coli XL I-Blue 
cells by electroporation. The resulting library contained an estimated 7.4 x 106 clones, 
of which approximately 0.6% resulted from vector-only background. The effective 
library size was therefore assumed to be-9.3 x 106

, with an estimated completeness in the 
absence of nucleotide bias (equation 2, section 3.2.1) of > 99.9%. This corresponds to 
only 1 OOO or fewer of the 1.0 x 106 possible sequence variants being expected to be 
absent from the library. 

4.5.5 Selection from Library 2 by plasmid display 

The trpFL2 library was subjected to four rounds of selection for a regenerated FLAG 
epitope using plasmid display and the same experimental protocol as that employed 
previously (Section 4.3.3). Over the course of constructing the trpFL2 library and 
during the first two rounds of selection, it was consistently observed that colony growth 
was slow (24-30 hat 37°C required for the formation of good-sized colonies) and very 
uneven on plates containing chloramphenicol at a concentration of 30 µg.mr' . This has 
commonly been observed when using the chloramphenicol resistance marker (D.J. Hart 
& M. Samaddar, personal communication) and was addressed here by switching to an 
antibiotic concentration of 20 µg.mr' for the final two rounds of selection and all future 
manipulations. While this maintained sufficient selective pressure for the retention of 
plasmid DNA, the resulting colonies were faster-growing, more evenly-sized and 
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consequently easier to score. However, it should be noted for future studies that in terms 
of practicality, the ampicillin/carbenicillin resistance marker employed with the trial 
library remained far preferable. 

As with the previous selections for FLAG-PRAI, colony western blotting with 
mAb M2 was used to assess selection and enrichment. The results demonstrated the 
identification and continued enrichment of FLAG-positive library variants over 
successive rounds of selection (Figure 4.33; Table 4.5). Selection was not as dramatic as 
it was from the first epitope library, with FLAG-positive clones only being detected for 
the first time after two rounds of plasmid display (Figure 4.33). Further, the absolute 
numbers of colonies recovered after each round were lower than in trial enrichments 
(compare Tables 4.4 and 4.5). These two observations appeared to indicate that 
selection of a FLAG-positive variant from the trpFL2 library had been, in molecular 
terms at least, a "more difficult" task than previously, which in turn implied that the 
selected clone was unlikely to be a contaminant present and over-represented in the 
unselected library. 

Round 1 Round 2 
' . D 

D 

Round 3 

D 

.... ....._ _____ ., .... / 
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Round 4 

. . •. •. . ... . ... .. . 
• .. j 
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Figure 4.33. Colony blots demonstrate the selection and continued enrichment of a FLAG-positive 
library variant. The boxed clone on each filter is a control: E. coli carrying the library template pWPI05 
(negative) for Rounds 1-3; and one of the previously-selected positive clones (Round 4). 

Selection # Colonies #FLAG- %FLAG-
round recovered oositive nositive 

0 NA 0 of87 <1.1% 
1 15 OOO 0 of68 < 1.5% 
2 22 OOO 2 of87 2.3% 
3 46 OOO 11 of 87 13% 
4 230 OOO 38 of87 44% 

Table 4.5. Summary of colony blotting data for selection from the trpFL2 library, including total 
numbers of colonies recovered in each round. Selection round 0, unselected library; NA, not applicable. 
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4.5.6 DNA sequence analysis of Library 2 variants 

Plasmid DNA was prepared from a total of 24 unselected clones and 33 of the FLAG
positive variants (all positive clones identified by colony blotting in Rounds 2 and 3, and 
20 of the 38 identified in Round 4). Sequence information was obtained for each using 
either primer Rand.for.2 or PRAI.His.rev.3. 

4.5.6.1 The unselected library: still biased 

Sequence data were obtained for a total of 96 randomised codons (i.e. four codons in 
each of the 24 clones analysed). Despite using a new primer (Lib2.for) for the 
randomisation procedure, the extreme bias towards incorporation of thymine at the first 
and second positions of each codon, first observed in the trial library trpFL I, was still 
present (Table 4.6a). However the bias against adenine incorporation in trpFLI was 
decreased somewhat in trpFL2, and the preference for guanine in the third position of 
each codon was reversed completely (Table 4.6). It was possible that the source of this 
bias was not differences in nucleotide incorporation efficiencies during primer synthesis, 
but rather that base pairing to the template where possible was favoured during the 
library PCR. The template sequence at the four randomised codon positions was 
5 '-TTG GGG CTG GCG-3 '. Clearly, preferred annealing of template-like primer 
molecules is not sufficient to explain the observed profusion of thymines at the 
randomised positions; neither can the strong bias in favour of cytosine in the third codon 
position be reconciled with the observation that all four template codons end in guanine. 

A. Library trpFL2. B. Trial library trpFLl. 
Base Position in randomised codon I Base Position in randomised codon I 1 (N) 2 (N) 3 (S) 1 (N) 2 (N) 3 (S) A 16 18 - 34 A 2 2 - 4 C 4 14 72 90 C 6 7 11 24 G 13 14 24 51 G 13 8 23 44 T 63 50 - 113 T 14 18 - 32 y 96 96 96 288 y 35 35 34• 104 

• Note that there was a single nucleotide deletion at this position in one of the codons scored (clone U9). 
Table 4.6. Summary of biases in the incorporation of nucleotides at randomised positions in (A) library trpFL2; and (B) trial library trpFLl (refer also Table 4.2). The bias towards thymine incorporation and the reversal of the bias at codon position 3 between the two libraries are highlighted in bold typeface. 
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In contrast to the trial library, no deletions were detected in the unselected library 
trpFL2. However, the overwhelming bias in nucleotide incorporation meant that 26% of 
all codons in the library were expected to be TTC (coding for phenylalanine); indeed, of 
the 96 codons sequenced, 34 displayed this combination. On the other hand, the codons 
CCG (praline) and CGG (arginine) should each only be represented at 0.15% of 
randomised positions. The only sequence that would regenerate the FLAG epitope 
(DYKDDDDK) in an NNS codon scheme would be 5'-GAC TAC AAG GAC-3' at the 
four randomised codon positions. Interestingly, and almost solely due to the facts that: 
(i) it lacks codons beginning with cytosine; and (ii) it has mostly codons ending with 
cytosine; the probability of this sequence occurring is approximately one in 3.8 x 106

. 

This is not enormously different from the probability of its occurrence in a completely 
unbiased library ( one in 1.0 x 106

) and the Poisson probability that it had occurred at 
least once in the biased library trpFL2 is still 85%. 

4.5.6.2 The selected variant: a truncated (f3a)8-barrel 

All 33 of the FLAG-positive variants analysed had an identical sequence, in which 
insertion of a single thymine nucleotide into the fourth randomised codon produced a 
novel epitope (DYKDDDR) and truncated the p50-PRAI fusion protein immediately 
following the arginine of the new epitope (Table 4.7). The truncation therefore removed 
the fragment of the PRAI (f3a)s-barrel corresponding to a 6(f3a)7_8 and was analogous -
though not identical - to two mutations selected in the trial library (clones 1-26 and 
1-28; Table 4.3). Unlike the previous selection, however, there was no evidence that the 
selected variant arose from a FLAG-positive contaminant: the codons for D4 and D7 of 
the epitope are GAT (derived from the FLAG-negative pWP105 template) rather than 

Clone Epitope sequence (5' --j 3') 
FLAG epitope GAC TAC AAG GAC 'GAC GAT GAC AAG 

D y K D D D D K Library template (FLAG-negative) 'l'TG GGG CTG GAT GAC GCG GAT AAG 
L G L D D A D K Selected variant (FLAG-positive) GAC TAC AAG GAT GAC GA! CGA TAA 
D y K D D D R * 

Table 4. 7. lnsertion of a thymine nucleotide leads to an altered epitope and a truncated (~a)s-barreL The bases randomised in the construction of trpFL2 are in bold and the inserted nucleotide is shown in bold, underlined typeface, 
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GAC. The implication, then, is that either a mispriming event during the PCRs and overlap extension used to generate trpFL2 or a subsequent point mutation within a bacterium during the first two rounds of selection, transformation and clonal amplification gave rise to the insertion in what would otherwise have been the wild-type FLAG epitope. 

It is perhaps not surprising that the selected clone was FLAG-positive. It contains the four residues (Dl, Y2, K3 and D6) identified by Slootstra et al. (1997) as being critical for recognition by mAb M2, and whilst one residue (D7) is deleted, K8 is mutated to arginine in a conservative replacement. The nature of the insertion suggests that the full-length epitope sequence was likely to be present in the starting library; however, it is noteworthy that plasmid display failed to identify it, instead continuing to enrich for the truncated variant through multiple rounds of selection. 

4.6 Results V: You get what you select for 

The observed propensity for selecting (13a)1_5(36 part-barrels, from both trpFLI and trpFL2, suggested strong, positive selection pressure, presumably manifested as an increase in affinity for mAb M2. To address this hypothesis directly, the trpFL2 selected variant was cloned away from the p50 fusion partner that had been required for plasmid display, and its affinity for immobilised mAb M2 was investigated using surface plasmon resonance (SPR). 

4.6.1 Construction of pWP107 

Sub-cloning the truncated PRAI variant (tPRAI) minus its p50 fusion partner back into the wtPRAI expression plasmid pMS401 required the re~introduction of an initial methionine codon and also an Ncol restriction site in place of the San site at the 5' end of the gene. This was achieved by PCR amplification of the selected library clone with primers Nco.for and PRALHis.rev.3, which gave the desired 683 bp product in high yields (Figure 4.34a). The PCR product and pMS401 were restricted with Ncol and Hindlll, giving the desired 661 bp insert and 4266 bp vector backbone (from which the 

' 
I 

I 

I 
,I 
1' 
I 
I 
I 

! 

I, 
I I 

I 

I 
I 

, 11 
I 
I 



Chapter 4: In vitro selection on a (f3a)8-barrel scaffold by plasmid display 116 

gene for wtPRAI had been excised). After purification of the appropriate vector and 
insert DNA from an agarose gel, ligation and transformation of E. coli XLl-Blue gave 
clones carrying plasmid pWP107 (Figure 4.34b). 

bp 1 2 3 

2036 
1636 
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506/517 
396 
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298 

A. 

~ 683bp 

pWP107 
(4927 bp) 

B. 

Ncol 

Pvul 

Hindi/I 

Figure 4.34. Construction ofpWP107 for the expression oftPRAI. (A) PCR amplification of the selected library clone to re-introduce an Neal restriction site for cloning into pMS401. Lane 1. 1 Kb Ladder DNA molecular mass standards. Lane 2. Control reaction from which template was omitted. Lane 3. Products of the amplification with primers Nco.for and PRAI.His.rev.3. (B) Map of the plasmid pWP107, including the HindIII and Neal sites used in the construction. Sites of restriction by Pvul, one of which was introduced by the insertion which generated tPRAl, are also shown. 

A number of clones were restriction mapped to ensure that the ligation had been 
successful. In particular, it was observed that the insertion giving rise to the PRAI 
truncation had introduced a new Pvul restriction site (5'-CGATCG-3'); this proved a 
useful diagnostic indicator of cloning success (Figure 4.35). The absence of secondary 
mutations in four clones was confirmed by DNA sequencing with primer Nco.for. 
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Figure 4.35. Restriction analysis of putative pWP107 clones. Lanes 1, 13, 17, 22. 1 Kb DNA Ladder molecular mass standards. Lanes 2-8. HindIII-digested DNA from seven clones . . Lanes 9-12, 14-16. HindIIVNcal-digested DNA from the same seven clones. All clones except the second (lanes 3 and 10) showed the expected restriction pattern, with excision of a 662 bp fragment evident on double digestion. Lanes 18-21. PvuI-digested DNA from four of the six positive clones (i.e. those also represented in lanes 2/9, 4/11, 6/14 and 7/15). Excision of a 1184 bp fragment was diagnostic of carrying the tPRAl insert. 



Chapter 4: In vitro selection on a (f3a)a-barrel scaffold by plasmid display 117 

4.6.2 Expression and purification of tPRAI 

Expression of tPRAI from p WP 107 was under the control of the trc promoter and was 
driven by induction with IPTG. Induction of mid-log phase cells at 30°C for 3-3 .5 h 
reproducibly gave over-expression of a protein of the same predicted mass as tPRAI 
(15.2 kDa) and furthermore the over-expressed protein appeared to partition largely into 
the soluble fraction after cell lysis (Figure 4.36). 

kDa 1 2 3 kDa 4 5 6 
66.4 

55.6 
55.6 

42.7 42.7 
36.5 

36.5 
26.6 

26.6 

20.0 
20.0 

14.3 ..,_tPRAI 
14.3 ..,_tPRAI 

Figure 4.36. SDS-PAGE demonstrating the expression of soluble tPRAI. Lanes 1, 4. Broad Range molecular mass standards. Lanes 2, 3. Soluble cell lysates from uninduced (lane 2) and IPTG-induced (lane 3) cultures carrying p WPI 07. The band corresponding to overexpressed tPRAI is clearly visible; the second prominent band at 14.3 kDa corresponds to the lysozyme used in the cell lysis protocol. Lanes 5, 6. Soluble (lane 5) and insoluble (lane 6) fractions obtained after lysis of a second induced culture. At least 50% oftPRAI appeared to partition into the soluble fraction on cell lysis. 

Deletion of the C-terminal part of PRAI removed the (His)6-tag used to purify 
wtPRAI and FLAG-PRAI (section 4.2.2.3). It was therefore necessary to purify tPRAI 
from the soluble cell lysate by its affinity for mAb M2 agarose (Figure 4.37). Elution 
from the anti-FLAG column was by addition of free FLAG peptide, however this 
method of purification never resulted in yields as high as those observed for metal 
affinity chromatography based on the (His)6-tag. The low binding capacity of the mAb 
M2 agarose appeared to be the biggest factor contributing to this reduced yield: Figure 
4.37a (lane 3) clearly demonstrates that only a minority of the expressed tPRAI protein 
was being adsorbed by the resin. Nonetheless, the recovered tPRAI was exceptionally 
pure (Figure 4.37b) and was present in sufficient quantities for SPR analysis. Both 
tPRAI and (His)6-purified FLAG-PRAI were consequently buffer-exchanged into TBS 
(to remove FLAG peptide and imidazole respectively) prior to analysis of their affinities 
formAbM2. 
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kDa 1 2 3 4 5 6 7 kDa 1 2 3 4 
66.4 55.6 
55.6 42.7 
42.7 36.5 
36.5 26.6 - . 26.6 

20.0 
20.0 

14.3 14.3 

A. B. 

Figure 4.37. SOS-PAGE analysis oftPRAT purification on mAb M2 agarose. (A) Lanes 1, 2. Whole cell 
samples from tPRAI induction, taken at t = 0 h (lane 1) and t = 3 h (lane 2). Lane 3. Unadsorbed protein 
recovered after incubation of the soluble cell lysate with the resin (10 µI aliquot). Lane 4. Broad Range 
molecular mass standards. Lane 5-7. Protein-containing fractions (10 µl aliquots) eluted from the resin by 
addition of FLAG peptide. (B) Purified, buffer-exchanged samples used for SPR analysis. Lane 1. 
Broad Range molecular mass standards. Lanes 2, 3. tPRAI purified from two independent cultures. 
Lane 4. wtPRAI purified by IMAC (refer section 4.2.2.3). The equal loading in each lane confirms that 
concentrations were estimated accurately for SPR analysis. 

4.6.3 Determination of affinities for immobilised mAb M2 

SPR data were acquired on a Biacore 2000 instrument (Biacore AB) for both 
FLAG-PRAI and tPRAI binding to mAb M2. The biotinylated antibody was 
immobilised on the surface of a streptavidin-derivatised biosensor chip; biotinylated 
BSA was immobilised in a second flow cell as a negative control. On subtraction of the 
BSA-only baseline, it rapidly became apparent that at any given concentration, tPRAI 
displayed increased binding to the anti-FLAG antibody compared with the full-length 
FLAG-PRAI protein (Figure 4.38). 
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Figure 4.38. Sensorgram illustrating increased binding by tPRAI to mAb M2. (A) 1200 nM tPRAI; 
(B) 1200 nM FLAG-PRAI; (C) 150 nMtPRAl; (D) 150 n...1\1 FLAG-PRAI. 
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Quantification of affinities for mAb M2 was by analysing binding data at five 
concentrations of each protein (75-1200 nM for tPRAI and 150-4800 nM for FLAG
PRAI). The data were fitted using a predefined model for 1: 1 binding between the 
protein and each of two antigen binding sites (refer to section 4.8.2.13 for further 
details), reflecting the stoichiometry of the antibody:epitope interaction. In the case of 
tPRAI, data from all five protein concentrations could be globally fitted to give a very 
low x2 value (x2 = 0 .19), indicating excellent agreement between the experimental data 
and the fitted model. For FLAG-PRAI, three models were fitted, in which either all five 
concentrations were included (x2 = 0.45) or either the data at 600 nM or 4800 nM were 
omitted. While omitting the data obtained for 600 nM FLAG-PRAI led to some 
improvement in the goodness of fit of the model (x2 = 0.33), omitting the curve from the 
highest concentration did not (x2 = 0.52). More importantly, all three models converged 
to give very similar derived values for both the association and dissociation rate 
constants (ka and kd) and for the equilibrium dissociation constant, KD, The kinetic 
constants for tPRAI and FLAG-PRAI are shown in Table 4.8. 

Protein Model ka (M-1-.s-1) kd (s-1
) Kv(M) FLAG-PRAI Five concentrations 8.7 X 103 9.6 X 10-4 1.1 X 10-7 

No 600 nM data 8.6 X 103 9.3 X 10-4 1.1 X 10-7 
No 4800 nM data 8.9 X 103 9.6 X 10-4 1.1 X 10-7 
Mean 8.7 X 103 9.5 X 10-4 1.1 X 10-7 

tPRAI Five concentrations 6.0 X 104 3.1 X 10-4 5.1 X 10-9 

Table 4.8. Kinetic and affinity constants for FLAG-PRAI (three fitted models and the mean values from these) and tPRAI (one model). Standard errors for all values, including those for Ko, are less than 10%. 

As expected, the truncated variant, tPRAI, displayed a higher affinity for mAB M2 
than full-length FLAG-PRAI. The equilibrium dissociation constant for tPRAI is 
approximately 5.1 nM, a 21-fold improvement over the measured affinity of FLAG
PRAI for the antibody (KD :::::: 110 nM). The major contribution to this increase in 
affinity is a 6.9-fold increase in the second order associatioh rate constant ka, although 
the kd data demonstrate that tPRAI also dissociates from mAb M2 3.1-fold more slowly 
than FLAG-PRAI. While I failed to identify a full-length, FLAG-containing PRAI 
variant from the second epitope library, the SPR data provided strong evidence that I 
"got what I selected for": in this case, binding with maximal affinity to the mAb M2 
selection matrix. 
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4.7 Discussion 

4.7.1 Loop modularity in PRAI 

In order to evolve novel catalytic activities on the PRAI scaffold, it will be necessary to 
alter the sequence and length of the active site-forming loops. The results presented here 
suggest that this can be accomplished, at least in the case of loop 6, without perturbation 
of the underlying (Pa.)8-barrel. In particular, the far UV CD spectra of wtPRAI and 
FLAG-PRAI were almost superimposable (Figure 4.18), and closely match those 
previously reported for the wild-type enzymes from E. coli (Luger et al., 1989) and 
S. cerevisiae (Eder & Kirschner, 1992). While it is not yet possible to deconvolute 
spectra reliably into components contributed from secondary structural elements, CD is 
highly sensitive as a comparative tool. In conjunction with the observed solubility of 
FLAG-PRAI at high concentrations (Figure 4.16), the CD analysis therefore provided 
strong evidence that all elements of secondary structure, and by implication the 
(Pa.)8-barrel architecture itself, remained intact despite the epitope insertion. 

The inserted sequence doubled the length of loop 6 - from 11 to 22 residues - and 
was composed of a very high proportion of charged amino acids (five aspartates and two 
lysines). While the FLAG epitope was designed to be as hydrophilic as possible, and 
therefore to prefer solvent exposure to being buried in the hydrophobic core of the 
tagged protein (Hopp et al., 1988), there can be no doubt that the insertion was 
potentially a disruptive one (Figure 4.39). By tolerating it regardless, the PRAI scaffold 
seems to offer broad scope for engineering. Furthermore, insertion of the FLAG epitope 
appeared to be neither no more nor no less disruptive than inserting aFLAG, which lacks 
four of the seven charged amino acids. 

The present study offers evidence in support of the hypothesis that the loops of 
(Pa.)8-barrel proteins can be regarded as modular with respect to the remainder of the 
structure. As discussed in section 1.3.3, such modularity would have been a convenient 
device in the natural evolution of enzyme superfamilies, since the semi-autonomous 
evolution of critical functional groups would have allowed the generation of novel 
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Figure 4.39. Modelling the FLAG epitope insertion. The residues of the epitope are shown in yellow, and are flanked by linker amino acids which have also been inserted as part of the mutagenesis strategy. The figure was drawn with MOLSCRIPT (Kraulis, 1991) and is reproduced courtesy ofM. Paoli. 

binding and catalytic activities in a combinatorial manner. However, further 
experimental data are required to justify the assumption that loops can be universally 
regarded as modular. In order to form the active site of a (~a.)8-barrel enzyme such as 
PRAI, the loops must pack together in a manner requiring at least some degree of 
co-operativity. Altering a single loop will therefore have a potentially disruptive effect 
on the rest, by exposing hydrophobic surfaces and altering necessary or stabilising 
intramolecular interactions. In this regard, it is noteworthy that when Altamirano et al. 
(2000) deleted the amino terminal a-helix (a.O) of IGPS (which packs over the active 
site-forming loops) to impart a more PRAI-like structure on the scaffold, the resultant 
protein was insoluble. Considerations such as these serve as a caveat on the extension of 
the results described here for loop 6 to the remainder of the PRAI loop system. 

4.7.2 Making libraries: not so easy? 

Given the requirement for randomising ammo acid residues at precisely defmed 
positions, the present study necessitated an oligonucleotide-directed mutagenesis 
approach to library construction. Further, it has illustrated both the power and the 
pitfalls of using such a strategy. Technically, generating trpFLl and trpFL2 by overlap 
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extension PCR and cloning them into an appropriate vector for plasmid display was not 
difficult. With effective sizes of 6.8 x 106 and 7.3 x 106 respectively, the resulting 
transformed libraries appeared to contain satisfactorily high degrees of degeneracy, such 
that> 99.8% of all possible sequence variants should have been represented in each. It 
was discovered that SalI. restriction sites were randomly introduced at a significant 
frequency in the trial library, and that in spite of a number of size fractionation and 
purification steps using agarose gel electrophoresis, truncated DNA fragments continued 
to be manifested in the transformed library, decreasing its effective size. This informed 
the design of the "idealised" second library in which the potential for generating SalI. 
sites was removed by site-directed mutagenesis. Coupled with the use of a FLAG
negative template and an industry standard randomised primer, it was expected that this 
second library would be of a very high quality, with no obvious sources of bias or 
contamination. 

It was only after analysing the DNA sequences of a small number of transformants 
that extreme biases in nucleotide frequencies within the randomised codons of both 
libraries became apparent (Table 4.6). The obvious source of this bias would seem to be 
non-random nucleotide incorporation in the synthesis of the mutagenic primer: there was 
no evidence in the sequencing data that a template-like sequence was amplified 
preferentially; and while some codons occurred particularly frequently, there was no 
indication that one or a few whole-motif sequences were chronically over-represented. 
Indeed, and as one would expect, none of the 24 FLAG-negative clones analysed from 
Library 2 shared identical sequences at all randomised positions. 

4.7.3 Selection by plasmid display and antibody affinity 

Regardless of the source of the introduced bias and its overall effect of decreasing 
library diversity, in vitro selection by plasmid display has been validated as compatible 
for use with (Ba)s-barrel proteins. Moreover, the selection protocol itself is rapid and 
technically straightforward, and should prove amenable to use with more complex 
libraries with minimal modification. 
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Antibody-epitope recognition proved a powerful basis for selection. Trial 
selections of a FLAG-positive clone from an excess of FLAG-negative competitors 
demonstrated enrichment factors of up to 340-fold, and possibly higher, in a single 
round of plasmid display. By comparison, a previous study demonstrated 500-fold 
enrichment per round of selection, from a model system in which cells with plasmids 
encoding a maltose-binding protein- p50 fusion were diluted in a large excess of clones 
expressing glutathione-S-transferase-p50 (Speight et al., 2001). That comparable results 
were obtained in the present study largely reflects the strength of mAb M2-based 
selection, even when - as demonstrated by SPR analysis - the tethered epitope has only 
a moderate affinity (KD::::: 0.1 µM) for the antibody. Further, the coupling of selection 
for a functional epitope to detection by colony blotting, both of which employed the 
same antibody, proved a particularly convenient device for screening clones from 
successive rounds of selection. 

4.7.4 Myriad secondary mutations 

Selection from the trpFL2 library yielded the truncated variant tPRAI exclusively, while 
similar sequences were also identified in the trial library trpFLl (clones 1-26 and 1-28, 
Table 4.3). A principal source of the insertional mutations giving rise to these variants is 
not immediately apparent, and they are more likely to be attributable to a series of 
cumulative effects. The three insertions all fall within the sequences encoded by the 
library oligonucleotides Lib.for and Lib2.for. If they arose during primary 
amplifications, it may have been due to sequence heterogeneity in the vicinity of the 
randomised primer positions. A high fidelity polymerase (Pwo) was used for all PCR 
amplifications, however even assuming an error rate similar to that for Pfu polymerase 
(1.3 x 10-6 mutatia'ns/bp/duplication; Cline et al., 1996) the numbers involved in 
constructing the libraries were such that misreading errors will have been incorporated 
into a small but significant proportion of insert molecules. In the "worst case" scenario, 
one trpFL2 template molecule may have been copied up to 56 times (primary 
amplification, 30 cycles; reassembly, once only; secondary amplification, 25 cycles) 
before ligation of the product into pWP104; this would increase the net error rate to 
approximately 7 x 10-5 mutations/bp, or to almost 0.05 mutations per full-length insert. 
However, the great majority of the mutations introduced in this manner would be point 
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substitutions. Deletions due to replication slippage have been described for thermostable 
polymerases including Pwo (Viguera et al., 2001), however insertion of a single 
nucleotide, such as was seen in the creation of tPRAI, invokes rather less likely 
mechanisms of replication error. 

Each round of selection by plasmid display requires clonal amplification of 
plasmid DNA within the bacterial host, both to restore plasmid copy number after 
transformation, and during subsequent cell division. While the strain of E. coli used, 
XLl-Blue, is not deficient in enzymes of the DNA mismatch repair pathway, some 
mutations may have accrued from DNA replication in viva. In the absence of selection 
pressure for the maintenance of a functional, exogenous trpF gene, these mutations 
would be tolerated by the host cell. Indeed, this observation must be generally 
applicable to both phage and plasmid display, in which in vitro selection involves in viva 
DNA replication. 

A notable feature of the selections was that all variants identified from the libraries 
encoded residues of the parental FLAG epitope at the randomised positions. This 
confirmed that these residues (D 1, Y2, K3 and D6) are the most critical for antibody 
recognition, in the context of both a synthetic peptide (Slootstra et al., 1997) and the 
protein scaffold analysed here. Further, ongoing selection for high-affinity 
antibody- epitope interactions was observed, with the proportion of FLAG-positive 
clones continuing to increase over successive rounds of plasmid display (to near
homogeneity in the trial enrichments). This implies an absence of the non-specific or 
valency-determined avidity effects which often mask selection of the highest affinity 
clone in other systems. For example, Miceli et al. (1994) employed three rounds of 
phage display to identify a diverse range of low-affinity FLAG derivatives, and as 
discussed in section 4.1.4, selection for phosphotriesterase activity from oil-in-water 
emulsions yielded 35 clones, each with different sequences ,(Griffiths & Tawfik, 2003). 
This advantageous feature is encouraging for future experiments using the plasmid 
display format. 

1' 
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4.7.5 In vitro selection identifies a subdomain of PRAI 

The preferential selection of truncated part-barrels has provided proof of the maxim that 
"you get what you select for" - in this case, those epitopes that have the highest affinity 
for mAb M2. Removing a6 and the two final (J3a) units of the PRAI (j3a)s-barrel 
concomitantly removed any structural constraints imposed on the FLAG epitope by 
being tethered at both ends within loop 6. Presumably it was this new-found 
conformational freedom which accounted for the 21-fold increase in affinity of tPRAI 
over FLAG-PRAI for mAb M2 (as demonstrated by SPR). Moreover, even when bias in 
the second epitope library was taken into account, the probability that full-length 
FLAG-PRAI was represented remained high (85%; Table 4.6). Assuming that it was 
present, the inability of plasmid display to identify the full-length positive clone 
confirms the stringency of the selection format. 

Given the observed propensity for FLAG-PRAI to degrade but remain soluble on 
storage in crude cell lysates (Figure 4.14), it was perhaps predictable that the truncated 
p50-PRAI fusion proteins would also remain soluble and therefore amenable to 
selection by plasmid display. In the case of tPRAI, this was extended to its soluble over
expression, purification and biophysical analysis in the absence of a p50 fusion partner. 
Intriguingly, tPRAI corresponds precisely to the (13a) 1_5j36 subdomain proposed to 
comprise the folding intermediate of full-length PRAI (Jasanoff et al., 1994) and is very 
similar to the fragment of yPRAI, containing (J3a) 1_6, which has been shown to have a 
defined fold in vitro (Eder & Kirschner, 1992). In combination, these data imply that the 
protein selected here may also be structured in solution. Even more tantalisingly, the 
isolation of a stable, soluble subdomain raises the possibility that its existence has been a 
useful feature in the· evolution of (13a)8-barrel proteins. These issues will be addressed 
more fully in the next chapter. 
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4.8 Materials and Methods 

4.8.1 Materials 

4.8.1.1 Chemicals 

In addition to the chemicals listed in section 2.4.1.1, the following have been utilised in 
the work described in this chapter. Low Range SDS-PAGE standards and the Protein 
Assay dye reagent concentrate were from Bio-Rad. Anthranilic acid was from BDH. 
Chloramphenicol was from Duchefa. Imidazole was from Fluka Chemie AG. Isopropyl 
~-D-thiogalactopyranoside (IPTG) was from Melford Laboratories. Kanamycin (sulfate 
salt) was from Roche Molecular Biochemicals. Bovine serum albumin (BSA), biotin
labelled BSA, DL-dithiothreitol (DTT), FLAG peptide, herring sperm DNA, 
polyoxyethylene-sorbitan monolaurate (Tween 20), D-ribose 5-phosphate and Triton 
X-100 were from Sigma Chemical Company. All other chemicals were analytical grade. 

4.8.1.2 Enzymes and antibodies 

Klenow DNA polymerase I and T4 DNA ligase were from New England Biolabs. 
Shrimp alkaline phosphatase was from Promega. Taq DNA polymerase was from 
Qiagen. Pwo™ high fidelity DNA polymerase and the Rapid DNA Ligation Kit were 
from Roche Molecular Biochemicals. Anti-FLAG® M2 monoclonal antibody, anti
FLAG biotinylated M2 monoclonal antibody, anti-FLAG M2 affinity gel, anti-mouse 
lgG (Fe specific), anti-mouse lgG (Fe specific) horseradish peroxidase conjugate and 
lysozyme were from Sigma Chemical Company. Restriction enzymes were from 
Amersham Pharmacia Biotech and New England Biolabs. 

4.8.1.3 Plasmids used in this study 

Plasmid 
pJB122 
pMS401 

pMS403 

pRES112 
pRH1090 

pUC-CAT 

Description 
pTrcHis derivative encoding IGPS-;\,D gene fusion. 
pJB122 derivative carrying trpF (encoding wtPRAI) in 
place ofIGPS-;\,D. 
pJB 122 derivative carrying trpF ( encoding PRAI) with the 
Strep affinity tag inserted into loop 6. 
pUC19 derivative encoding p50 5' to cloning cassette. 
pUCl 18 derivative containing kanamycin resistance 
marker (npt) in the cloning cassette. 
pUCl 9 derivative with chloramphenicol resistance marker 
( cat) in the cloning cassette. 

Reference 
Altamirano et al. (2000). 
M. Samaddar, personal 
communication. 
M. Samaddar, personal 
communication. 
Speight (2000). 
D.J. Hart, personal 
communication. 
D.J. Hart, personal 
communication. 
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4.8.1.4 

Plasmid 
pWPlOI 
pWP lOla 
pWP102 
pWPI03 
pWPI04 
pWPI05 
oWP107 

4.8.1.5 

Primer 
D4D7.for 

ELF.for.I 

ELF.rev.I 
ELF.for.2 

ELF.rev.2 
Lib.for 

Lib2.for 

Nco.for 
PCE820.for 
PRAI.for 

Plasmids constructed in this study 

Description 
pJBl22 in which IGPS-t..D gene fusion has been excised and replaced with trpF-FLAG. pWPIOI containing alternative FLAG epitope in trpF. 
pRESl 12 with npt from pRH1090 inserted into cloning cassette. 
pWP102 with trpF and randomised FLAG epitope in place of npt. 
pWPI02 with the ampicillin resistance marker disrupted by insertion of cat. pWP103 unselected clone U2 with epitope codons D4 and D7 mutated (GAC to GAT). pMS401 with truncated library variant tPRAI replacing wtPRAI. 

PCR and sequencing primers 

Sequence (5' ~ 3') 
CCA GGG TGG AGC GGG ATC CTT GGG GCT GGA TGA CGC GGA TAA 
GGG TAG TGC ACG 
GCG GGA TCC GAC TAC AAG GAC GAC GAT GAC AAG GGT AGT GCA 
CGT TTT GAC TGG 
CGT CCT TGT AGT CGG ATC CCG CTC CAC CCT GGC CGT TGT C 
GCG GGA TCC GAC TAC AAG GCG TTT GAT AAC CTG GGT AGT GCA 
CGT TTT GAC TGG 
CGC CTT GTA GTC GGA TCC CGC TCC ACC CTG GCC GTT GTC 
GGC CAG GGT GGA GCG GGA TCC NNS NNS NNS GAC GAC NNS GAC 
AAG GGT AGT GCA CG 
CCA GGG TGG AGC GGG ATC CNN SNN SNN SGA TGA CNN SGA TAA 
GGG TAG TGC AC 
ACG TAC GTC CAT GGG TGA GAA TAA AGT ATG TG 
TGT GTG GAA TTG TGA GC 
AAA GAG CCA TGG GTG AGA ATA AAG TAT GTG G PRAI.His.rev.3 GAT CGA TCA AGC TTA TTA GTG ATG GTG ATG GTG ATG GGA TCC GTA TGC GCG CAG CGT CTG 

Rand.for.2 TTC AAA ACT CCA AAG TAT AAA G 
Sal.for GAT CGA TCG TCG ACG GTG AGA ATA AAG TAT GTG GCC TGA CGC G Sal.rev GGA TCC CGC TCC ACC CTG GCC 

4.8.1.6 Miscellaneous 

127 

E. coli strain XLI-Blue was as described previously (section 2.4.1.3). Unless otherwise 
stated, miscellaneous materials and equipment were as listed in section 2.4.1.6. 
Bioassay plates (243 mm x 243 mm) were from Nalge Nunc International. Centrifugal 
filter devices utilised were the Microcon-10 (Amicon Bioseparations) and the VivaSpin 
2 ml concentrator with polyethersulfone membrane (Vivascience ). 
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4.8.2 Methods 

4.8.2.1 General 

Unless otherwise stated below, all general microbiology and molecular biology methods 
were as described in sections 2.4.2.1-2.4.2.6 and section 2.4.2.9. 

4.8.2.2 Antibiotics 

Antibiotics were used at the following concentrations, as appropriate for selection and 
maintenance of plasmid-harbouring E. coli strains: carbenicillin, 100 µg.mr 1; 

chloramphenicol, 20 or 30 µg.mr'; kanamycin, 50 µg.mr'. 

4.8.2.3 Preparation of inserts and vectors for ligation 

Plasmid DNA or PCR products were restricted with the appropriate enzyme(s) for at 
least two hours. If required, overhanging ends were filled in by addition of Kienow 
polymerase (10 U) and dNTPs (final concentration 250 µM), followed by incubation at 
30°C for 30-40 min. Shrimp alkaline phosphatase (5 U) was added to vector 
preparations, which were then incubated for at least one further hour at 37°C. Following 
restriction, digests were fractionated by agarose gel electrophoresis. The desired insert 
or vector fragment was excised from the gel with a clean razor blade and recovered with 
either the QIAquick or the QIAEX II Gel Extraction Kit, according to the 
manufacturer's instructions. If necessary, DNA concentration was increased by ethanol 
precipitation with 0.1 volumes of 3.0 M sodium acetate and 2.5 volumes of ethanol, 
followed by pelleting and resuspension in a reduced volume of water or EB buffer 
(Qiagen). Unless otherwise stated, ligation reactions used an approximate 3-fold molar 
excess of insert DNA over vector DNA and were carried out using the Rapid DNA 
Ligation Kit, according to the manufacturer's protocol. 

4.8.2.4 PCR techniques 

Insertional Mutagenesis by Overlap Extension 

Overlap extension PCR (Horton et al., 1990) was used for the insertion of the FLAG 
epitope (DYKDDDDK) and a variant thereof (DYKAFDNL, aFLAG) into the region of 
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trpF encoding the f36a6 loop. Primer pairs used in the primary amplifications were 
ELF.for.1/PRAI.His.rev.3 and PRAI.for/ELF.rev.1 for FLAG; and ELF.for.2/ 
PRAI.His.Rev.3 and PRAl.for/ELF.rev.2 for aFLAG. The mutagenic primers also 
encoded linker amino acids; the complete insertion into trpF was therefore 
AGS( epitope )GSA. Each primary reaction was carried out as 2 x 50 µl aliquots, and 
each aliquot contained 2.5 U Pwo DNA polymerase, 400 nM each primer, 250 µM 
dNTPs and 19 ng template DNA (pMS403) in lx Pwo buffer with added MgCh (2 mM). 
An MJ Research PTC-100 thermocycler and the programme 94cc, 2 min; 30 cycles 
(94cc, 30 s; 54cc, 45 s; 72cc, 45 s); 72cc, 5 min were used for amplification. The 
desired reaction products were purified by electrophoretic fractionation and recovered 
with the QIAquick Gel Extraction Kit. Primerless secondary reactions containing 
equimolar amounts of the appropriate pairs of these products generated full-length, 
mutagenised trpF. Reaction conditions were identical to those for the primary reactions 
except only 15 cycles of amplification were carried out. The assembled products were 
purified from a 1 % (w/v) agarose gel using the QIAquick kit. 

Site-Directed Mutagenesis by Overlap Extension 
In the construction of pWP105, the codons for epitope residues D4 and D7 were 
mutagenised from GAC to GAT. This was achieved by overlap extension PCR, using 
primer pairs D4D7.for/PRAI.His.rev.3 and Rand.for.2/Sal.rev in the primary 
amplifications. The 100 µl primary reaction with the first primer pair contained 4 U 
Pwo polymerase, 250 nM each primer, 250 µM dNTPs and 19 ng template DNA 
(unselected library clone U2) in lx Pwo buffer with added MgCh (2 mM) . 
Amplification was carried out in an MJ Research PTC-200 thermocycler with the 
programme 94cc, 2 min; 30 cycles (94cc, 30 s; 61 cc, 45 s; 72cc, 45 s); 72cc, 5 min. 
Amplification of the Rand.for.2/Sal.rev product was identical except that primer 
concentration was increased to 400 nM, the annealing temperature was reduced to 54 cc 
and the extension time was increased to 1 min. After gel-purification of the primary 
products, equimolar amounts were assembled into the full-length insert in similar 
reaction conditions to the primary amplifications, except that primers were omitted and 
the thermocycler programme was 94cc, 2 min; 15 cycles (94cc, 30 s; 54cc, 45 s; 72cc, 
45 s); 72cc, 5 min. The assembled products were gel-purified using the QIAquick kit, 
prior to restriction and ligation. 
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PCR Screen of Transformant E. coli Clones 

A high-throughput PCR method was employed to screen transformant colonies 
putatively carrying pWPlOl and pWPlOla. A sterile toothpick was used to pick cells 
from a single colony directly into the 20 µl reaction mixture. Each colony was also used 
to inoculate 50 µl LB, allowing maintenance .of selected clones. Thermocycling was 
carried out in a PTC-100 using a programme of 94°C, 10 min; 30 cycles (94°C, 30 s; 
50°C, 45 s; 72°C, 1 min); 72°C, 5 min. Products were analysed by agarose gel 
electrophoresis. 

Reaction mixture (final conditions): 1.0 U Taq polymerase, lx Taq buffer including 
1.5 mM MgCh, 250 µM dNTPs, and 1 µM primers PCE820.for and PRAI.His.rev.3. 

Preparation of the tPRAI Insert for pWP107 

An initiator methionine codon and an Neal site were introduced at the 5' end of the 
tPRAI insert by PCR with primers Nco.for and PRAI.His.rev.3. The 100 µl reaction 
contained 4 U Pwo polymerase, 400 nM each primer, 250 µM dNTPs, 5% (v/v) DMSO 
and 38 ng template DNA (a FLAG-positive clone selected from Library 2) in lx Pwo 

buffer with 2 mM added MgCh. Thermocycling was carried out in a PTC-200 
instrument according to the programme 94°C, 2 min; 30 cycles (94°C, 30 s; 50°C, 45 s; 
72°C, 45 s). 

4.8.2.5 Expression and purification of proteins in E. coli 

IPTG-Induced Expression 

A 10 ml aliquot of LB containing carbenicillin was inoculated with a single colony of E. 

coli XLl-Blue carrying the appropriate plasmid for expression of the desired protein. 
This starter culture was grown to stationary phase (12-16 h) before being used to 
inoculate 100 ml of carbenicillin-containing LB. The induction culture was grown at 
37°C for approximately 3 h, until mid-log phase (OD6oo = 0.4-0.6) was reached. 

Expression was then induced with the addition of IPTG to 500 µM. · The cells were 
incubated for a further 3-5 h, at the reduced temperature of 30°C and a shake rate of 
180-200 rpm. After induction, cells were harvested by centrifugation at 2500 g for 
12 min. Time-point samples were taken immediately prior to addition of IPTG and at 
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the end of induction (prior to centrifugation) to be used as controls in SDS-PAGE and 
western blotting analyses. 

Cell Lysis 

Cells pelleted after induction were resuspended in 8 ml Column Buffer (100 mM or 
150 mM NaCl, 20 mM Tris-HCl, pH 7.5 or 8.0) in which one EDTA-free Complete™ 
protease inhibitor cocktail tablet (Roche Molecular Biochemicals) had been dissolved. 
Lysozyme was added to a final concentration of 0.1 mg.mr1 and the suspension was 
incubated at room temperature for 10-15 min. The cells were placed on ice and lysed 
with 20 cycles of sonication (10 s on, 10 s off) using a Soniprep 150 sonicator (MSE). 
Cell debris was removed by centrifugation at 15 300 g for 15 min at 4°C. The insoluble 
pellet was stored at -20°C; the supernatant containing soluble proteins was clarified by 
filtration through a 0.2 µm microfilter. 

Purification of (His )6-Tagged Proteins 

With the exception of tPRAI, all expressed proteins carried a hexa-histidine affinity tag 
at their C-termini, allowing purification by immobilised metal affinity chromatography 
(Porath et al., 1975). TALON®, a cobalt IMAC resin (Clontech), was utilised in this 

study. A metal affinity column was prepared by pelleting 2 ml TALON resin (1 ml bed 
volume) at 1 OOO g for 2 min. The resin was resuspended in 10 ml Column Buffer (CB) 
and allowed to equilibrate for 10 min before it was re-pelleted and the equilibration step 
was repeated with fresh CB. Supernatant containing the expressed protein was used to 
resuspend the resin and then incubated at room temperature with gentle rocking for 
30-120 min. After pelleting at 1000 g for 2 min, the resin was washed twice with 10 ml 
CB. The resin was resuspended in 1 ml _CB and the slurry transferred to a 5 ml 
disposable gravity column (Clontech). The column was washed with 3 x 5 ml CB, 
before a more stringent wash was carried out with CB to which imidazole had been 
added to 10 mM. Bound protein was eluted by washing in 4 ml CB containing 100 mM 
imidazole and the eluant was collected as 0.5 ml fractions. Rapid identification of 
protein-containing fractions was possible by addition of 100 µl Protein Assay dye 
reagent (Bio-Rad) to a 10 µl aliquot of each fraction. 
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Purification of tPRAI 

Induction and cell lysis were as described above for (His )6-tagged proteins, except that 
column buffer (CB) contained 150 mM NaCl and 50 mM Tris-HCI, pH 7.4. An 
appropriate volume of anti-FLAG M2 agarose (2 ml gel suspension, i.e. I ml bed 
volume) was used to pack a 5 ml disposable· gravity column (Clontech). The column 
was washed twice with 4 ml CB, once with glycine-HCl (100 mM glycine, pH adjusted 
to 3.5 by addition of concentrated HCl) and three times further with 4 ml CB. The 
clarified, tPRAI-containing soluble lysate was applied to the column, and the 
flow-through was collected and reapplied to the column a second time. The column was 
then washed with 3-5 x 4 ml CB. Specific elution of FLAG-labelled protein was by 
addition of 5 x 1 ml aliquots of CB containing the competitor FLAG peptide at a 
concentration of 100 µM. All steps were carried out at room temperature. Protein
containing fractions were identified using the Protein Assay dye reagent, as described 
for (His)6-tagged proteins. 

4.8.2.6 Protein quantification 

Protein concentration was estimated using the Bio-Rad Protein Assay, based on the 
dye-binding procedure of Bradford (1976). A 10 µl protein sample was added to 1 ml of 
dye reagent and the absorbance of the solution at 595 nm was measured in a Uvikon 941 
spectrophotometer (Kontron Instruments). Protein concentration was estimated by 
interpolation on a standard curve previously constructed using BSA. 

4.8.2. 7 FLAG epitope detection 

Rapid Detection of FLAG-Labelled Proteins 
Reactivity of expressed, FLAG-labelled PRAI with mAb M2 was rapidly assessed using 
the TagDetect™ FLAG-Protein Detection Kit from Stratagene, according to the 
manufacturer's protocol. 

Western Blot 

The SDS-polyacrylamide gel to be blotted was overlaid with a Hybond-C nitrocellulose 
membrane (Amersham Pharmacia Biotech) which had been pre-soaked in modified 
Towbin transfer buffer (20 mM Tris-HCl, 150 mM glycine, 20% (v/v) methanol; 
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Towbin et al., 1979), and sandwiched between filter paper also pre-soaked in transfer 
buffer. Electrophoretic transfer was carried out in transfer buffer at a constant voltage of 
15 V for one hour using an EC 140 Mini Blot Module from E-C Apparatus Corporation. 
Prestained Broad Range molecular mass markers (New England Biolabs) were used, 
allowing visual confirmation of protein transfer. The membrane was incubated with 
40 ml block solution (5% (w/v) non-fat milk powder in PBS-T) and with shaking for at 
least 45 min at room temperature. Following blocking, the membrane was rinsed twice 
in PBS-T, before addition of 40 ml PBS-T containing 3% (w/v) non-fat milk powder and 
mAb M2 at a dilution of 1 in 3000. The membrane was incubated with shaking for a 
further hour at ambient temperature, then rinsed in PBS-T twice and washed three times, 
for 5-10 min per wash. Fresh PBS-T and anti-mouse IgG peroxidase conjugate (1 in 
1 OOO dilution) were added to the membrane and incubated at room temperature for 
45 min. The membrane was then rinsed twice and washed three times in PBS-T 
(10-15 min per wash). A single Sigma Fast™ peroxidase substrate tablet set (Sigma) 
was dissolved in 5 ml deionised water and used to develop the signal. 

PBS-T: 137 mM NaCl, 3 mM KCl, 4.3 mM Na2HP04, 1.5 mM KH2P04, 0.1 % (v/v) 
Tween 20, approximate pH 7.3. 

E. coli Colony Blot 

Colony blotting E. coli clones allowed direct screenmg for the express10n of 
FLAG-labelled PRAI. A Hybond-C Extra nitrocellulose membrane (Amersham 
Pharmacia Biotech) was laid on an LB-agar plate containing carbenicillin or 
chloramphenicol. The surface of the membrane was then gridded with up to 88 clones 
(transferred from a previous plate using sterile toothpicks) and incubated at 37°C 
overnight. Clones were also replica-plated onto LB-carbenicillin or LB
chloramphenicol. If required for the induction of protein expression, the membrane 
carrying the resultant colonies was transferred to a plate containing 100 µM IPTG for 
90 min. Colony lysis was by freezing the membrane (-20°C) for 30-50 min, thawing, 
transferring to filter paper pre-soaked in 4 mg.mr 1 lysozyme for 15 min, and finally 
transferring to filter paper pre-soaked in 1 % (w/v) SDS (5 min). Cell debris was 
removed from the membrane by vigorous washing in PBS-T ( components as for western 
blot). The membrane was blocked in PBS-T containing 5% (w/v) non-fat milk powder 
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for 60-70 min at room temperature. The protocol for signal development was identical 
to that used in western blotting. 

4.8.2.8 PRAI activity assay 

Crude extracts of FLAG-PRAI- and wtPRAI-expressing cultures were assessed for the 
presence or absence of enzymatic activity. The substrate, PRA, was synthesised 
according to Creighton (1968): 1 M solutions of anthranilic acid and ribose-5-phosphate 
were prepared by dissolution in ethanol and ice-cold assay buffer (see below) 
respectively. Aliquots of each solution (200 µl) were mixed for 4 min at room 
temperature before the reaction was stopped by diluting the PRA solution 100-fold with 
ice-cold assay buffer. The substrate solution was prepared fresh for each set of assays 
and stored on ice. The spectrophotometric assay for PRAI activity was based on that 
described by Kirschner et al. (1987). Possible baseline activity ( due to spontaneous 
conversion of PRA to CdRP) was measured by mixing 400 µl assay buffer and 100 µl 
dilute PRA solution and monitoring the absorbance at 350 nm for 1-2 min; there was, 
however, no detectable activity of this nature. On addition of 20-50 µl cell lysate 
(normalised based on total protein concentration, i. e. A280, in each case), formation of 
CdRP was detected by monitoring the increase in A350 over a period of 3 min. A 
Uvikon 941 spectrophotometer (Kontron Instruments) was used for all absorbance 
measurements. 

Assay buffer: 100 mM Tris-HCl, 0.5 mM EDTA, pH 8.6. 

4.8.2.9 Circular dichroism analysis 

The far UV CD spectra of wtPRAI and FLAG-PRAI were compared. Microcon or 
VivaSpin centrifugal filter devices, each with a molecular . weight cut-off of 10 kDa, 
were used to concentrate and exchange samples of purified wtPRAI and FLAG-PRAI 
into filtered, degassed CD buffer (see below) in which wtPRAI was also shown (by the 
assay above) to retain enzymatic activity. The proteins were diiuted to a final 
concentration of 50 µM in the same buffer and spectra were recorded at 25°C on an 
Aviv Model 215 circular dichroism spectrometer, using a demountable quartz cuvette 
(0.2 mm pathlength; Aviv Instruments, Inc.). The CD signal (ellipticity, in millidegrees) 
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was recorded over the wavelength range 260-190 run at 1 run increments, with 0.33 s 
equilibration time and 1 s measuring time at each wavelength. To improve the signal-to
noise tati0, each sample was scanned eight times; the CD signals at each wavelength 
were averaged in generating the final spectra. A buffer-only baseline ( also representing 
the mean of eight scans and measured unqer identical conditions to the protein
containing samples) was also subtracted from the observed spectra. Even at the low 
concentration employed (500 µM), the presence of DTT in the buffer meant that 
measurements below 200 run were unreliable, as evidenced by the high dynode voltages 
generated by the machine during data collection. These data were therefore discarded 
from the spectra. Finally, spectra were compared by their conversion to mean residue 
ellipticity values ([O]mnv), according to the expression (Eder & Kirschner, 1992): 

Bobs 2 - I [8]mrw = -- (deg.cm .dmol ) (5) lOncl 

where Oabs is the observed ellipticity in millidegrees, n is the number of amino acid 
residues in the protein (n = 207 for wtPRAI and n = 218 for FLAG-PRAI), c is the molar 
concentration of the protein sample and l is the pathlength (cm). 

CD buffer: 10 mM Tris-HCl, 100 mM NaCl, 500 µM DTT, pH 8.6. 

4.8.2.10 Construction of the trial epitope library 

Randomisation of the FLAG Epitope by Overlap Extension PCR 
The first library of trpF variants carrying randomised FLAG epitopes 
(i.e. XXXDDXDK) was constructed using primer pairs Sal.for (for introduction of a Sall 
site at the 5' end of trpF) and Sal.rev, and Lib.for (containing the randomised codons) 
and PRAI.His.rev.3 for the primary amplifications. Each reaction was performed as 
5 x 40 µl aliquots, with 2 U Pwo DNA polymerase, 400 nM each primer, 250 µM 
dNTPs, 5% (v/v) DMSO and 17 ng template DNA (pWPlOl) per aliquot. Pwo buffer 
containing 2 mM MgCh was used. Thermocycling was carried out using a PTC-200 
DNA Engine with the programme 94°C, 2 min; 30 cycles (94°C, 30 s; 61 °C, 45 s; 
72°C, 45 s); 72°C, 5 min. Primary reaction products were fractionated by agarose gel 
electrophoresis and purified with the QIAEX II Gel Extraction Kit. The products were 
then pooled at an equimolar ratio and assembled into full-length trpFLl in a primerless 
secondary PCR. Conditions were identical to those for the primary reaction except the 
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programme employed was 94°C, 2 min; 12 cycles (94°C, 30 s; 61 °C, 45 s; 72°C, 45 s); 
72°C, 5 min. The products were fractionated by electrophoresis, and the band 
corresponding to the assembled product was excised and recovered using QIAEX II 
resin. Further amplification of this secondary product was achieved by ten cycles of 
PCR (thermocycling as for assembly reaction) using the outside primers Sal.for and 
PRAI.His.rev.3 (each 400 nM} 

Ligation, Transformation and Maintenance 
Approximately 5 µg of the gel-purified trpFL 1 fragment was over-digested with San 
and then HindIII (100 U each, 16-25 h incubations). The digested insert was purified 
using the QIAquick PCR Purification Kit (Qiagen). The vector backbone used for 
cloning the library as an in-frame carboxyl terminal fusion with NF-KB was pWP102. 
Approximately 50 µg of the vector was over-digested with 100 U of each of HindIII and 
San (16-20 h incubations) and dephosphorylated with shrimp alkaline phosphatase. It 
was necessary to gel-purify the backbone twice using QIAEX II resin to remove traces 
of uncut plasmid DNA. Ligation of 4.6 µg vector backbone and 2.8 µg insert DNA 
(1:3 molar ratio) was performed at 22°C for 90 min using the Rapid DNA Ligation Kit. 
A vector-only control was included. The ligated species (pWP103) was purified with 
the QIAquick PCR Purification Kit and used to transform eight aliquots of E. coli 
XLl-Blue. The library was plated on eight 243 mm x 243 mm LB-carbenicillin agar 
plates. After incubation for 16 h at 30°C (to avoid over-growing to confluence), 
colonies were recovered by scraping the plate surfaces in LB-carbenicillin medium. 
Pooling the supernatant from each scrape yielded -50 ml cells at high optical density 
(OD600 = 20). Aliquots of the library were stored in 25% (v/v) glycerol at -80°C. 

4.8.2.11 Construction of the "idealised" second epitope library 

The second library, trpFL2, was constructed by overlap extension PCR in a similar 
manner to trpFL I. Primary amplifications were with primer pairs Rand.for.2/Sal.rev 
and Lib2.for/PRAI.His.rev.3. Note that unlike all other primers utilised in this study, 
Lib2.for was purchased from Gibco BRL Custom Primers. Reactions were performed as 
5 x 40 µl aliquots, with each aliquot containing 0.8 U Pwo polymerase, 400 nM each 
primer, 250 µM dNTPs, 5% (v/v) DMSO and 13 ng template (pWP105) per aliquot. 
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Thermocycling was as for the trial library except a lower annealing temperature (55°C) 
was employed. The reaction conditions and thermocycler programme for the primerless 
reassembly reaction were identical to those used for the first library. Secondary 
amplification of the assembled product was also similar to that described in section 
4.8.2.10, except that a 25-cycle PCR was carr.ied out on a Perkin-Elmer GeneAmp PCR 
System 9700 thermocycler. 

After over-digestion with 100 U HindlII and San (16-22 h incubations with each 
enzyme), approximately 14 µg dephosphorylated vector backbone (pWP104) and 7 µg 
insert (trpFL2) were ligated with T4 DNA ligase (180 U) in lx ligase buffer (New 
England Biolabs) and a total volume of 600 µl. A vector-only control was carried out in 
parallel. The ligation reaction was allowed to proceed for 22 h at l 6°C before it was 
desalted with the QIAquick PCR Purification Kit. Transformation of 51 aliquots of 
unfrozen E. coli XLl-Blue cells by electroporation was followed by plating the 
recovered cultures on nine 243 mm x 243 mm LB plates containing chloramphenicol 
(30 µg .mr1). After 24 h at 37°C, colonies were recovered by scraping the plates in 
LB-chloramphenicol liquid medium. The final yield was -40 ml cells at an OD600 of 25, 
aliquots of which were stored in 25% (v/v) glycerol at-80°C. 

4.8.2.12 In vitro selection by plasmid display 

Spheroplast Preparation 

In order to standardise the number of cells and therefore plasmids used in any given 
selection experiment, the volume of recovered cells required to prepare each aliquot of 
spheroplasts was calculated according to: 

Volume of cells required (ml) = 25 + (OD600 of scraped, pooled colonies) 

Aliquots of cells from each library ( or each dilution in the case of the trial emichments) 
were pelleted at 12 OOO g for 60 s before each was resuspended in 500 µl spheroplast 
buffer (100 mM Tris-HCl, 20% (w/v) sucrose, pH 7.4). Lysozyme was added to 
0.4 mg.mr 1 and the cells were incubated at 37°C for 20 min. Following cell wall 
digestion, the spheroplasts were pelleted (10 OOO g, 2 min), the supernatant removed and 
the pellets stored at - 80°C. 
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Antibody Immobilisation for In Vitro Selection 
Clones carrying a regenerated FLAG epitope were selected from each library on the 
basis of their affinity for immobilised mAb M2. A 96-well plate format of the plasmid 
display protocol developed by Speight et al. (2001) was adopted. Anti-mouse IgG was 
adsorbed to the wells of a MaxiSorp™ microtitre plate (Nalge Nunc International) by 
incubation at room temperature for 3-6 h with 200 µl PBS (50 mM potassium phosphate, 
50 mM NaCl, pH 7.2) to which the antibody (1:100 dilution) had been added. Following 
adsorption, the wells were washed three times in PBS with 0.05% (v/v) added Tween 20 
(PBS-T) and three times in PBS. Antibody mAb M2 was diluted 1 :500 in PBS and 
added to each well in a 200 µl aliquot. Immobilisation of the antibody was by 
incubation at 4°C for 12-16 h. Each well was then washed three times in PBS-T and 
three times in PBS. Unoccupied binding sites on the plate surface were blocked by 
incubation with 5% (w/v) BSA in PBS (room temperature, 70-100 min). Excess BSA 
was removed by washing three times in PBS-T, three times in PBS and twice in p50 
binding buffer (50 mM potassium glutamate, 10 mM Tris-HCl, 10% (v/v) glycerol, 
0.02% (v/v) Triton X-100, 3 mM DTT, 0.1 mg.mr 1 herring sperm DNA, pH 7.4). 

Spheroplast Lysis 

A single, frozen spheroplast pellet was resuspended in 1 ml sterile water, causing 
osmotic lysis. The cell lysate was diluted to 6 ml with p50 binding buffer and insoluble 
debris was removed by centrifugation at 2500 g for 10 min. 

In Vitro Selection For mAb M2 Binding 
Spheroplast lysate (200 µl aliquots) was added to the wells containing immobilised mAb 
M2. Antibody affinity selection was by incubation at room temperature for 30 min. 
Unselected protein- plasmid complexes were removed by washing five times in p50 
binding buffer and twice in p50 binding buffer from which herring sperm DNA had been 
omitted. Selected plasmids were eluted by the addition of high-salt buffer (500 mM 
NaCl, 10 mM Tris-HCl, pH 7.4) and incubation at room temperature for 20 min. The 
selected lysates were pooled. 
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Re-Transformation of E. coli 

The pooled, selected lysate was desalted and concentrated by adding 1.2 volumes of 
buffer N3 (Qiagen) and applying directly to columns from the QIAprep Spin Miniprep 
kit (Qiagen). Wash and DNA elution steps were according to the manufacturer's 
protocol. The eluted plasmid DNA was used to re-transform E. coli XLl-Blue by 
electroporation. The selected clones were plated on 243 mm x 243 mm LB-carbenicillin 
or LB-chloramphenicol plates. 

Subsequent Rounds of Selection 

Multiple rounds of selection were carried out for both the trial enrichments and for 
selection from Library 2. After re-transformation and plating onto LB-carbenicillin (trial 
enrichments) or LB-chloramphenicol (Library 2), the selected colonies were harvested 
by scraping the plates in liquid medium. The pool of selected clones was then used to 
make fresh aliquots of spheroplasts, as described above. For long term storage, 
additional aliquots were stored in 25% (v/v) glycerol at -80°C after each round of 

selection. 

4.8.2.13 Surface plasmon resonance analysis 

The SPR instrument was a Biacore 2000 optical biosensor (Biacore AB). A sensor chip 
SA (Biacore AB) was used for the analysis of FLAG epitope-antibody interactions. 
This c.onsisted of a thin gold film coated with a carboxymethyldextran hydrogel matrix 
to which streptavidin was cross-linked, and it contained four flow cells. The first two 
flow cells were left underivatised to control for bulk refractive index changes between 
the injected solution and the running buffer, non-specific binding to the sensor chip 
matrix itself and baseline drift. Flow cell 3 was loaded to saturation with biotinylated 
BSA, to control for non-specific protein-protein interactions. Biotinylated mAb M2 
(10 nM, diluted in 50 mM sodium phosphate, pH 5.5) was ~sed to load flow cell 4 with 
-900 response units (RU), at a flow rate of 5 µl.min- 1

• It is estimated that 1 RU 

corresponds to a surface density of protein of approximately 1 pg.mm-2 (Stenberg et al., 
1991); 900 RU therefore corresponds to one molecule every 250-300 nm-2 and 
represents close to maximal loading. This was done to ensure a maximal detectable 
response on injection of FLAG-labelled proteins. 
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For each experiment, purified protein was diluted to 150-4800 nM (FLAG-PRAI, 

five concentrations) or 75-1200 nM (tPRAI, five concentrations) in TBS (50 mM 

Tris-HCl, 150 mM NaCl, pH 7.4) and injected for 60 sat a flow rate of 40 µ1.min- 1 over 
each flow cell. The protein sample was then replaced by TBS alone at the same flow 
rate and the PRAI-mAb M2 complexes were allowed to dissociate for 500 s. The chip 
surface was then regenerated with an injection of 10 µl glycine buffer (10 mM, pH 2.0) 

for 15 s. All solutions were filtered through a 0.22 µm membrane (GS type, Millipore) 
and degassed before use. Assays were carried out at 25.0°C. 

Sensorgrams were analysed using the BiaEvaluation v.3.1 software package 
(Biacore AB). This allowed traces to be manipulated such that exact points of injection 
were aligned and fixed at t = 0 s. The values for non-specific binding in the control flow 
cell derivatised with biotinylated BSA could then be subtracted from each curve, to 

obtain the sensorgrams displayed in Figure 4.38. The software's model for 1:1 binding 

(i. e. of the form A + B ~ AB, corresponding to the formation of the mAb m2-PRAI 

complex in this analysis) was used to fit the data. In the first iteration, rate constants for 

the dissociation phase (i. e. for AB ~ A + B) at each protein concentration were 

calculated independently according to a first order rate equation. These values for kd 

were then used to begin a second iteration in which the global, second order association 

rate constant (ka) for all protein concentrations under consideration was estimated. 

Finally, the global ka was input as the starting point for iterations to fit the full data sets 

at all concentrations simultaneously, generating the ka, kd and KD values in Table 4.8. 



Chapter Five 

Subdomain shuffling: a novel 
mechanism for (~a)8-barrel evolution? 
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5.1 Introduction 

The serendipitous selection of tPRAI, a soluble subdomain consisting of (l3a)1 -sl36 of 
E. coli PRAI, raises the possibility that similar part-barrels have played a role in the 
evolution of the (13a)8-barrel fold, and further suggests a novel mechanism for directing 
the evolution of (13a)8-barrel enzymes. In this chapter, an ambitious test of these 
proposals is described. In the first instance, however, initial biophysical characterisation 
of tPRAI is undertaken. 

5.1.1 Autonomously-folding subdomains of Wa)8-barrels 

The existence of protein fragments that are able to fold in the absence of the remainder 
of the polypeptide chain has long been recognised (e.g. Higgins et al., 1979). 
Furthermore, analysis of these fragments has provided insights into the fo lding 
mechanisms of the full-length proteins from which they are derived, based on the 
assumption that the folded fragment models a transient intermediate in the folding 
pathway of the full-length protein. Whi le (13a)8-barrels have been considered a 
prototypical example of single-domain proteins (section 1.2.1 ), several examples of 
autonomously-folding substructures have now been identified as playing important roles 
in the folding process (reviewed in Maiti et al. , 2002). 

5.1.1.1 The (13a)8-barrels of tryptophan biosynthesis 

As we have seen (section 1.4.2), three of the last four steps in the synthesis oftryptophan 
from chorismate are catalysed by the (13a)8-barrel enzymes PRAI, indoleglycerol
phosphate synthase (IGPS) and the a-subunit of tryptophan synthase (aTS). The folding 
pathway of the last of these, aTS, has been studied extensively by Matthews and 
colleagues (Bilsel et al., 1999; Zitzewitz et al., 1999, and references therein). The 
mechanism can be described by a complex four-state equilibrium model involving 
multiple native, intermediate and unfolded states linked via four . parallel folding 
pathways (Bilsel et al., 1999). Notably, however, an N-terminal fragment of the 
enzyme, corresponding to (13a) 1_5l36, has been over-expressed (albeit insolubly), refolded, 
purified, and shown to possess a fo lding mechanism that retains a number of the kinetic 
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features elucidated for the full-length protein (Zitzewitz & Matthews, 1999). The 

authors proposed that the sequential arrangement of the B-strands in the (Ba)s-barrel 

motif was a critical factor in allowing the truncated protein to fold, as it preserves the 

majority of non-local contacts within the (Ba)1-sB6 fragment. The implication, then, is 

that proteins such as the (Ba)8-barrels, consisting of a modular arrangement of Ba units, 

are more likely to comprise autonomously-folding substructures than non-modular 

proteins of a similar size. 

While the aTS folding pathway involves multiple intermediates, both IGPS and 

PRAI appear to undergo a simpler, biphasic transition through a single, partially-folded 

intermediate. As described previously (section 4.1.6), there is good evidence to suggest 

that in the case of PRAI, the intermediate consists of (Ba)i-sB6 in native-like 

conformation (Eder & Kirschner, 1992; Jasanoff et al., 1994). Two non-sequential 

intermediates on parallel folding pathways have been identified for E. coli IGPS, one of 

which was unstable and the other of which, by analogy with PRAI, was hypothesised to 

consist of a folded (Ba)1-sB6 subdomain (Sanchez del Pino & Fersht, 1997). A more 

comprehensive study of IGPS from the thermoacidophilic archaebacterium Sulfolobus 

solfataricus has recently provided good evidence for a three-state model involving a 

single intermediate (Forsyth & Matthews, 2002). Based on observed similarities in the 

degree of secondary structure, buried surface areas and folding kinetics, the authors 

hypothesised that the intermediate is akin to the major intermediate in aTS folding, i.e. a 

structured (Ba)1-sBG subdomain. It appears, then, that the three (Ba)8-barrels of 

tryptophan biosynthesis may share a similar (Ba) 1_5B6 intermediate, and that the 

truncated variant isolated in Chapter 4 models this intermediate in PRAI (the broader 

evolutionary implications of this observation will be discussed in Chapter 6). 

5.1.1.2 Triosephosphate isomerase 

In a similar study to that which identified stable substructures of PRAI, Bertolaet and 

Knowles (1995) demonstrated that a (Ba) 1_5B6 subdomain of chicken triosephosphate 

isomerase (TIM) could be co-expressed with the a 6(Ba)7_8 fragment, and that together 

these could complement a TIM-deficient strain of E. coli. A further indication that TIM 

possesses the so-called (6+2) folding pathway shared by the (Ba)8-barrels of tryptophan 



Chapter 5: Subdomain shuffling in (f3a) 8-barrel evolution 144 

biosynthesis was provided by a comprehensive mutagenesis study that targeted the 182 

structurally important residues in TIM from S. cerevisiae (Silverman et al., 2001 ). Only 

four residues were found to be immutable for retention of activity, and all four were 

found to lie C-terminal to the B6a6 loop. This is consistent with the hypothesis that 

mutations in an a 6(Ba)7_8 subdomain might increase the lifetime of a partially-folded, 

aggregation-prone (Ba) 1_5B6 intermediate and therefore make folding of the catalytically 

active enzyme less likely. The same authors have recently extended their study, using 

native-state proton-alkyl exchange experiments to provide strong evidence for a (3+ 3+ 2) 

unfolding pathway for TIM. In this model, the C-terminal subdomain unfolds to give a 

first intermediate, followed by unfolding of a subdomain including the first, fourth and 

fifth helices to give a second intermediate, followed finally by denaturation of the 

remaining (Ba)2-3B4 subdomain to give the unfolded state (Silverman & Harbury, 2002). 

While similar analyses may yet point to the existence of smaller autonomously-folding 

units in other (Ba)s-barrels, it is also noteworthy that the equi librium unfolding pathway 

of TIM does not necessarily equate with its kinetic folding pathway. 

5.1.1.3 The (Ba)a-barrels of histidine biosynthesis 

The previous data argue for a shared folding pathway for all (Ba)8-barrel proteins, in 

which formation of a tPRAI-like (Ba),-sB6 intermediate is critical ; this attractive 

hypothesis has been popular in the literature (e .g. Sanchez del Pino & Fersht, 1997). 

However, recent structural studies on HisA and HisF, (Ba)8-barrels which catalyse 

successive steps in histidine biosynthesis (section 1.4.2), have indicated that some 

(Ba)s-barrels may instead utilise a ( 4+4) folding pathway. Solution of the structures of 

these enzymes by x-ray crystallography revealed remarkable two-fold rotational 

symmetry in each ca·se (Figure 5 .1 ; Lang et al. , 2000). The four (Ba)4 units of the two 

enzymes could be superimposed on one another in pairwise fashion with main chain 

(non-hydrogen) rms deviations of only 1.4 to 2.1 A, providing compelling evidence that 

they have evolved by duplication and fusion of an ancestral half-barrel. Moreover, each 

(Ba)4 subdomain of HisF could be produced and folded independently, and 

co-expression or refolding of the two genetically-separated fragments yielded a 

heterodimer with full catalytic activity (Hocker et al ., 2001a) . These striking 

observations serve to emphasise further the prevalence - and therefore presumed 



Chapter 5: Subdomain shuffling in {f3a}Erbarrel evolution 145 

importance - of autonomously-folding subdomains in the folding pathways of extant 
(j3a)s-barrel proteins. 

A. HisA B. HisF 

Figure 5.1. Two-fold rotational symmetry in HisA and HisF, the (~a)s-barrels of histidine biosynthesis. Solution of the structure of HisF revealed two phosphate ions bound in the active site; these are shown as red space-filling models. Adapted from Lang et al. (2000). 

5.1.2 A role for subdomain shuffling in ((3a)8-barrel evolution? 

The structural and folding data presented above appear to indicate a modular 
construction for all (j3a)8-barrels, in which two or three autonomously-folding part 
barrels consisting of up to six f3a units drive the assembly of the complete protein. In 

. the first instance, a modular construction provides an explanation of how such a large 
domain can fold on a millisecond time scale: rapid folding of subdomains simplifies 
considerably the search of conformational space required to fold the full-length protein 
(Zitzewitz et al., 1999). More intriguingly, the existence of subdomains from PRAI, 
aTS and HisF that are sufficiently stable to be expressed, purified and analysed in vitro 
suggests that they may have played a role as fundamental units of (j3a)s-barrel evolution. 
Deriving (j3a)s-barrel structures by mixing and matching autonomously-folded 
subdomains could have provided Nature with a mechanism for sampling catalytic 
functions and binding properties in a combinatorial manner (Gerlt & Babbitt, 2001a). 

The (j3a)i-s /36 subdomain of PRAI isolated in Chapter 4 (tPRAI) contains the two 
residues thought to participate in catalysis: Cys260 at the C-terminal end of j3 l; and 
Asp379 at the C-terminal end of 136 (refer also section 4.1.6; numbering according to 

11 
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position in the E. coli IGPS:PRAI bienzyme). Missing from tPRAI is the phosphate 

binding motif located in loop B7a7 and helix 8' of PRAI, which it shares with both IGPS 

and aTS (Wilmanns et al., 1991) and also with a large number of other (Ba)8-barrel 

proteins (Copley & Bork, 2000). A stern test of the hypothesis that subdomain modules 

have played a role in (Ba)8-barrel evolution would be to use protein engineering to 

construct a chimeric protein, such that the a6(Ba)7_g unit is contributed to tPRAI by a 

fusion partner, to regenerate a folded (Ba)8-barrel. This test was undertaken here, 

utilising a distantly-related (Ba)8-barrel as the fusion partner for tPRAI. 

5.1.3 Kv~: as far from PRAI as you can get 

Voltage-gated potassium (K v) channels are integral membrane proteins that play a 

fundamental role in regulating the resting membrane potential and the frequency of 

action potential firing of excitable cells. Channels in the Kvl family consist of hetero

oligomeric complexes comprising four pore-forming a subunits and four regulatory 

B subunits (Gulbis et al., 2000). The a and B subunits have been shown to assemble in 

the endoplasmic reticulum (ER) and to remain associated as a permanent complex. The 

structure of the assembly including the cytoplasmic (Tl) domain of the rat Kvl.1 

a subunit and the rat KvB2 subunit in a symmetric T1 4 ~ 4 complex has been solved to 

2.1 A resolution using x-ray crystallography, revealing that the B subunit is a 

· (Ba)s-barrel (Gulbis et al., 2000). Further, each K vB subunit in the complex was found 

to co-ordinate an NADPH cofactor, predominantly through interactions between the 

adenine dinucleotide moiety and a7, a8 and the first of two a-helices that form a 

sizeable insertion into the B7a7 loop of the (Ba)8-barrel (Figure 5.2). 

The K vB subunit has been classified as an oxidoreductase on the basis of both its 

bound cofactor and also sequence homology to aldo-keto reductases. There is some 

evidence that the K vB subunits have biosynthetic roles in regulating the stability of the 

a subunit, intracellular trafficking through the ER, and the surface expression of the K v 

channel (Campomanes et al., 2002). Recently, site-directed mutation of either the 

putative catalytic residues (Asp85 and Tyr 90, identified through homology with other 

aldo-keto reductases) or those residues proposed to be important in orientating NADPH 
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Figure 5.2. Two views of the rat Kv~2 subunit (PDB code lEXB). The bound NADPH cofactor is 
shown in ball and stick representation. The putative NADPH-binding subdomain, comprising a6(~a)7.8 of 
the (~a)s-barrel and a predominantly a-helical insertion into the ~7a7 loop, is coloured purple. The figure 
was produced using MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt & Bacon 1997). 

(Ser188 and Arg189) was shown to result in decreases in the levels of both the 

plasmalemmal and the total membrane-associated K v protein, implying a role for 

NADPH binding and/or oxidoreductase activity in Kv processing (Peri et al., 2001). 

However, neither enzymatic activity nor a physiological substrate have been elucidated 

experimentally and the primary function of the Kv~ (~a)8-barrel remains enigmatic. 

On examination of the structure of the K v~ subunit, it is tempting to speculate that 

C-terminal residues 221-361, corresponding to a6(~a)1-s of the (~a)s-barrel plus the 

predominantly a-helical insertion into the ~7a7 loop (Figure 5.2), comprise an NADPH

binding subdomain, and that this could complement the (~a)1.s~6 subdomain identified 

in tPRAI. In a test of the hypothesis that the existence of autonomously-folding 

subdomains has driv~n the evolution of stable (~a)8-barrel structures, then, it was 

resolved to engineer a soluble fusion protein using a combination of rational and random 

approaches. The proposed construction is outlined in Figure 5.3. 
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Figure 5.3. Construction of a novel (~a)s-barrel protein by genetic fusion of the Kv~ NADPH-binding 
subdomain (top left panel) and tPRAI (bottom left panel). A naive model of the resulting protein, made 
assuming that all Ca positions remain fixed in their native positions, is shown in the right-hand panel. 

5.1.4 In vivo screens and selections for folding and solubility 

PRAI and K v~ are evolutionarily distant: not only is there an absence of detectable 

sequence similarity between them (Nagano et al., 2002), but one is an E. coli enzyme 

and the other a rat protein. From the outset, then, it seemed unlikely that a rationally

designed fusion protein would be soluble, regardless of the choice of splice point. It was 
therefore anticipated that methods of random mutation and in vitro recombination might 

be required to repack the hybrid (~a)s-barrel, in order to generate a folded and soluble 

structure. 

Phage display has been refmed to select explicitly for folding robustness as 
indicated by resistance to proteolysis (Sieber et al., 1998), however the caveats 
described previously (section 4.1.3) for display of cytoplasmic proteins, such as the 

(~a)8-barrels, excluded its use here. Instead, markers of intracellular protein folding 

were investigated for their utility as the basis of an in vivo screen or selection. A number 
of intracellular assays for folding have now been developed, primarily in response to the 

requirement for improved protein yields and solubility for structural genomics initiatives 

(reviewed in Waldo, 2003). At the outset of this study, however, only two systems had 
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been described, both of which rely on genetic fusion of the protein of interest to a 
suitable reporter of folding (Figure 5.4). In the frrst (Waldo et al., 1999), a test domain 
is expressed as an N-terminal fusion to the green fluorescent protein (GFP). The 

fluorescence of GFP transduces information about the folding success ( or failure) of the 
upstream fusion partner, with more soluble proteins yielding a greater intensity of 
fluorescence. Although an elegant approach, the GFP-based folding assay is also a 
screen, which limits the number of clones which can be analysed to those which can be 

resolved on the surface of an agar plate (less than 100 OOO per 243 mm x 243 mm plate). 

Further, GFP is relatively large (27 kDa) and may perturb the folding of some fusion 
partners (Waldo, 2003). Maxwell et al. (1999) described a selection for increased 

solubility, based on fusing the domain of interest upstream of chloramphenicol 
acetyltransferase (CAT). Expression of a soluble, folded fusion protein gives a 
chloramphenicol resistance phenotype; precipitation of an insoluble protein results in 

sensitivity to the antibiotic. This system offers access to large libraries, however the 
formation of a homotrimer of CAT polypeptides ( each 25 kDa) is required for resistance 

and this may lead to the formation of higher-order aggregates of otherwise soluble 
fusion proteins. More importantly, because the reporter is an enzyme, even very low 
levels of partially-soluble protein may be sufficient to give rise to the resistance 
phenotype; this makes quantitative comparisons of variants impossible. 

A. Test protein is soluble 

Test protein 

B. Test protein is insoluble 

Reporter is 
functional 

Reporter is 
non-functional 

Figure 5.4. The principle of using fusion proteins as solubility reporters. A reporter domain with a 
readily detectable function, such as GFP or CAT, is fused to the protein of interest via a flexible linker. 
(A) If the test protein is soluble, the reporter is functional and its activity can be detected. (B) If the test 
protein is insoluble or misfolds, the activity of the reporter is compromised. Adapted from Waldo (2003). 
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In light of the disadvantages outlined above for the GFP and CAT reporter 

systems, zeocin resistance was investigated in this study as a novel, selectable marker of 

folding. Resistance to this member of the bleomycin/phleomycin family of antibiotics is 

imparted by the 13.7 kDa product of the Sh ble gene from Streptoalloteichus 

hindustanus (Drocourt et al., 1990). Furthermore, the mode of resistance is not 

enzymatic inactivation of zeocin, but rather its stoichiometric chelation by the resistance 

protein. The crystal structure of the free protein has been solved (Dumas et al., 1994) 

and a recent solution state NMR analysis has shown that conformational changes on 

binding bleomycin are minimal (Vanbelle et al., 2003). The protein is a homodimer, and 

sequesters two molecules of the antibiotic; advantageously, the amino-termini of the 

monomers are well separated in space, such that dimerisation is unlikely to be affected 

by expression of an N-terminal fusion partner. Zeocin resistance thus seemed to offer 

numerous advantages as a marker of protein folding. In particular, the mode of 

resistance enables quantitative comparisons of fusion protein solubilities: resistance to 

increasing concentrations of zeocin correlates with increased production of soluble 

resistance protein (D.J. Hart, personal communication). 

Firstly, then, the autonomy and stability of tPRAI are confirmed in this chapter 

using biophysical approaches. The construction and characterisation of a fusion protein 

consisting of tPRAI (the (Ba),-sB6 fragment of a bacterial enzyme) and a putative 

NADPH-binding subdomain from KvB (a (Ba)8-barrel from the rat nervous system) are 

subsequently described, and a novel in viva selection system is employed in an attempt 

to isolate random variants with improved solubility. 
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5.2 Results I: Structure and stability of tPRAI 

5.2.1 Circular dichroism analyses 

5.2.1.1 Far UV spectra confirm secondary structure 

Soluble expression, non-denaturing purification and SPR analysis of tPRAI (sections 

4.6.2-4.6.3) all provided strong circumstantial evidence that the truncated variant was 

structured in solution. To address this more directly, the far UV CD spectrum of tPRAI 

was compared with those obtained previously for wtPRAI and FLAG-PRAI (section 

4.2.3; Figure 4.18). Conversion of the data to mean residue ellipticity, [O]mrw, resulted in 

a spectrum for tPRAI that was of the same shape as that for the two full-length 

(j3a)8-barrels, with a minimum near 220 nm and a peak somewhere below 200 nm, 

consistent with a mixed alp structure (Figure 5.5). Further, the similar signal intensities 

across all three spectra implied not only that tPRAI displays secondary structure, but 

also that it is approximately as structured as full-length wtPRAI on a per residue basis. 

This is in contrast to analogous :fragments of aTS, which show spectra of a similar shape 

but of much reduced intensity compared with the full-length protein (Zitzewitz 

et al., 1999). 
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Figure 5.5. Far UV CD spectra of tPRAI (blue) and the two full-length proteins wtPRAI (green) and 
FLAG-PRAI (red). Spectra represent the mean of eight traces and data have been converted to mean 
residue ellipticity ([ e:lmm; refer section 5.7.2.3) to allow their direct comparison. 
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5.2.1.2 Construction of pWP107His for high-yield purification 

The discovery that tPRAI was as structured as wtPRAI in solution suggested that it 
might also be amenable to crystallisation and that further characterisation of its 
properties in solution was certainly warranted. However, continued poor yields after 
purification by mAb M2 affinity chromatography were proving a hindrance. The 
decision was therefore taken to remove the FLAG epitope of tPRAI and replace it with a 
(His)6-tag, without altering the amino acid sequence of the (f3cx)1-sf36 subdomain. This 
was effected by PCR using the tPRAI-encoding plasmid pWP107 (section 4.6.1) as the 
template, and the reverse primer tPRAIHis.rev, which introduced the (His)6-tag, an 
ochre stop codon and a new HindIII restriction site at the 3' end of the gene encoding 
tPRAI. The forward primer for the reaction was Nco.for; amplification yielded the 
expected 447 bp product (Figure 5.6a). 

Both pWP107 and the PCR product were restricted with Neal and HindIIl to give 
a 4266 bp vector backbone (with the gene for tPRAI excised) and a 429 bp insert. On 
ligation and transformation of E. coli XL I -Blue, carbenicillin-resistant colonies carrying 
pWP107His (Figure 5.6b) were obtained. DNA sequence analysis with primer 
PCE820.for confumed that five selected clones were free of secondary mutations; two of 
these were chosen at random for protein expression studies. 

bp 

1000 
900 
800 
700 

600 

50(11517 

400 

300 

200 

2 

A. 

.._447bp 

pWP107His 
(4689 bp) 

B. 

Ncol 

Hindi/I 

Figure 5.6. Construction ofpWP107His. (A) PCR amplification ofpWP107 (Figure 4.34) to replace the FLAG epitope with a (His)6-tag. Lane 1. I 00 bp DNA Ladder. Lane 2. PCR product (2 µl of 50 µl total reaction volume). (B) Map of the plasmid pWP107His, including the HindIJJ and Neal restriction sites used in its construction. 
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5.2.1.3 Expression and purification of tPRAIHis 

Small-scale expression trials ( 10 ml cultures) were carried out for two E. coli clones 

carrying p WP 107His. IPTG-induced expression of the (His)6-tagged subdomain 

tPRAIHis was at 30°C for 3.5 hand resulted in the production of an appropriately-sized 

protein to very high levels (Figure 5.7) . While approximately 50% of the induced 

protein appeared in the insoluble pellet after cell lysis, the yield of soluble protein 

remained high (Figure 5.7; compare lanes 3 and 4, and 8 and 9). Expression was 

therefore scaled up using clone 1 (i.e. the clone represented by lanes 1-4 in Figure 5.7). 

kDa 1 2 3 4 5 6 7 8 9 

66.4 
55.6 
42.7 

36.5 

26.6 
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14.3 ... tPRAIHis 
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Figure 5.7. Trial inductions demonstrate over-expression of tPRAIHis in two E. coli clones (clone 1: 
lanes l-4; clone 2: lanes 6-9). Lanes 1, 6. Whole cell samples from the induction, taken at t = 0 h. 
Lanes 2, 7. Whole ce ll samples from t = 3.5 h. Lanes 3, 8. Aliquots of the soluble fractions obtained on 
lysis of induced cells. Lanes 4, 9. Samples of the post-lysis insoluble fractions from the induced cultures . 
Lane 5. Broad Range molecular mass standards. The band corresponding to tPRAIHis (predicted 
Afi. = 15 115 Da) is clearly visible. 

Two 100 ml cultures were induced to express tPRAIHis for 2.5 hat 30°C. Metal 

affinity chromatography using TALON resin yielded exceptionally high levels of 

apparently homogenous protein (Figure 5.8), immediately justifying the replacement of 

the FLAG epitope by the (His)6-tag. As with wtPRAI ,and FLAG-PRAI (section 

4.2.2.2), some losses were observed on washing the resin with low concentrations of 

imidazole (Figure 5.8, lane 5), however the final yield of soluble, purified tPRAIHis was 

still estimated to be 20-30 mg per litre of induced culture. 
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Figure 5.8. SDS-PAGE analysis of tPRAIHis purification. Lanes 1, 2. Whole cell samples taken from 
t = 0 h and t = 2.5 h of induction respectively. Lane 3. Unadsorbed protein recovered after incubation of 
the soluble cell lysate with TALON resin (10 µI aliquot). Lane 4. Broad Range molecular mass 
standards. Lane 5. A 10 µI aliquot of the proteins eluted after the resin was washed with 10 mM 
imidazole. Lanes 6-9. Protein-containing fractions eluted with 100 mM imidazole (10 µI aliquots). 

5.2.1.4 Thermal denaturation monitored by far UV CD 

The stability of tPRAIHis to thermal denaturation was probed by far UV CD. Ellipticity 

was monitored at 215 nm, as this corresponded to a wavelength at which a maximal 

signal was recorded at 25°C (Figure 5.5). Consistent with a previous study (Jasanoff 

et al., 1994), it was found that both wtPRAI and tPRAIHis were prone to aggregate at 

temperatures above the Tm, complicating analysis and making refolding impossible . 
Also in agreement with the earlier analysis, even at 80°C residual CD signals seemed to 

imply that the thermally denatured forms of both proteins retained some secondary 

structure, perhaps stabilised by their aggregation. In keeping with Jasanoff et al., then, 

the two independently-obtained spectra for each protein were averaged and then 

normalised to the amplitude of the unfolding transition (Figure 5.9). 

Remarkably, the CD spectra suggest that tPRAIHis is only marginally less stable 

than wtPRAI. Extrapolation from the fitted data in Figure 5.9 gives Tm = 47°C for 

tPRAIHis and Tm = 50°C for wtPRAI. The latter value is in excellent agreement with 

that reported previously (Tm= 51 °C; Jasanoff et al. , 1994). 
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Figure 5.9. Thermal denaturation ofwtPRAI (green) and tPRAIHis (red) as monitored by CD at 215 nm 
and normalised to the amplitude of the transition. Denaturation was monitored in wtPRAI activity buffer 
(10 mM Tris-HCl, 100 mM NaCl, 500 µM DTT, pH 8.6). Raw data points represent mean values from 
two temperature scans; smoothed lines fitted to the data are also shown. 

5.2.2 Size exclusion chromatography 

The circular dichroism analysis of tPRAIHis provided strong evidence that the (13a)1_5136 

subdomain is structured and stable in aqueous solution. Given the nature of the deletion 

and the requirement to shield exposed hydrophobic core residues from the solvent, it 

seemed unlikely that tPRAIHis could exist in a monomeric form without dramatic 

repacking of its secondary structural elements (Figure 5 .10). The oligomeric state of the 

purified protein was therefore investigated by size exclusion chromatography in mild, 

non-denaturing conditions. 

The truncated (13a)8-barrel was found to elute from the Superdex 75 gel filtration 

matrix in two fractions: a broad peak in the void volume (VO ~ 8 ml) corresponding to 

high-order aggregates of the protein; and a well-formed, distinct peak at an elution 

volume of 11.9 ml (Figure 5.11). Interpolation on a linear standard curve allowed the 

molecular mass of the protein in the latter peak to be estimated at 19.9 kDa, in good 

agreement with the predicted molecular mass (M,. = 15 115) of a tPRAIHis monomer. 
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Figure 5.10. The nature of the tPRAI truncation. In generating the figure, the region of PRAI 
corresponding to a6(~a)7_8 was deleted from DB file lPII to illustrate the severity of the truncation; no 
attempt was made to model the probable structure of the resulting protein in solution. The figure was 
produced with MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt & Bacon, 1997). 

The discrepancy between the apparent (Mr = 19 900) and predicted (Mr = 15 115) 

molecular masses of tPRAIHis implies that the Stokes radius of the protein is larger than 
expected for a compactly folded polypeptide. It is noteworthy, however, that similar 
inconsistencies have been observed previously for wtPRAI (Eberhard et al., 1995) and 
for FLAG-PRAI (section 4.2.2.1); the data presented here do not exclude the possibility 

that monomeric tPRAIHis adopts a unique, compact conformation in solution. 
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Figure 5.11. Profile of purified tPRAIHis eluting from a Superdex 75 gel filtration column. Blue dextran 
(M,"" 2 x 106

) was used to estimate the void volume of the column as V0 = 8.09 ml. Integration revealed 
that the peak comprising high-order aggregates of tPRAIHis that eluted at this volume corresponded to 
3 8% of the total protein. The remaining 62% eluted a:s a single peak at Ve = 11.87 ml. 

When size exclusion chromatography was performed on freshly prepared and 
purified tPRAIHis, peak integration showed that -10% eluted as higher-order aggregates 
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in the void volume of the column. In subsequent experiments, this proportion increased 
to 38% of the total protein (Figure 5.11), suggesting either a slow tendency to aggregate 
over time or else representing an artefact of the freeze/thaw cycle that storage at -20°C 
engendered. Analytical ultracentrifugation would provide a means to investigate this 
further, in addition to providing corroborating .evidence that tPRAIHis is predominantly 
monomeric in solution. 

5.2.3 Crystallisation trials 

The discovery that tPRAIHis was predominantly monomenc m solution was 
unexpected, and raised the possibility that the six remaining ~ strands of the original 
(~cx)8-barrel were repacking to form a new, collapsed hydrophobic core. Determining 
the three-dimensional structure of such a rearranged protein would provide fascinating 
insights into the structural plasticity of (~cx)8-barrel subdomains. Consequently, 
tPRAIHis was purified by metal affinity chromatography, re-purified by preparative gel 
filtration, and concentrated by centrifugal ultrafiltration. The resulting protein (Figure 
5.12) was used to initiate crystallisation trials under 120 different conditions. To date no 
conditions screened have yielded protein crystals; however, this work is ongoing. 
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Figure 5.12. SDS-PAGE to confirm the purity oftPRAIHis used in crystallisation trials. Lane l. Broad 
Range molecular mass standards. Lanes 2, 3. Aliquots (0.5 µI and 2 .5 µI respectively) of the purified, 
concentrated protein sample. The protein was estimated to be at a concentration of 4 mg.ml"'. 
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5.3 Results II: Expression of a PRAI-Kvf3 fusion 

Biophysical characterisation of tPRAIHis gave every indication that it is soluble, 

structured and stable in an aqueous environment. In turn, this is in keeping with the 

hypothesis that autonomously-folding subdomains played a role in the early evolution of 

(~a)8-barrel proteins. To test this hypothesis experimentally, a genetic fusion of 

tPRAIHis and the C-terminal, putative NADPH-binding subdomain of rat Kv~ was 

constructed and the resulting hybrid protein was expressed. 

5.3.1 Construction of pWP110 

Examining the superimposed Ca traces of PRAI and K v~ from the FSSP database 

(constructed using the DALi algorithm for protein- protein structure comparisons; Holm 

& Sander, 1996) suggested that splicing the two proteins at the C-terminal end of PRAI 

loop ~6a6 would be minimally disruptive (Figure 5.13). By providing the fusion protein 

with the long, flexible loop 6 of PRAI (that was shown in Chapter 4 to tolerate large 

insertions without disrupting folding), it was hypothesised that a6 of K v~ would be 

afforded some conformational freedom to repack the new K vl3-PRAI interface as 

required. It was observed that the Ca traces of the two overlaid proteins came 

particularly close in space at Phe389 of PRAI (numbered according to its position in the 

Figure 5.13. FSSP superposition of the Ca traces of PRAI (blue trace; PDB code IPII) and Kvj3 (red 
trace; PDB code lEXB). The box encloses the region used as the splice junction in the construction of the 
fusion protein, i.e. the C-terminal end of PRAI loop 6. 
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E. coli IGPS:PRAI bienzyme) and Gln221 of KvB. A splice site was therefore specified 
such that the sequence of the fusion protein was that of PRAI from the N-terminus 
(Gly255) to Arg388, then that of KvB from Gln221 to the C-terminus. The resulting 
protein would consist of 289 amino acids (including a Gly-(His)6-tag for metal affinity 
chromatography), with a predicted molecular mass of 31.6 kDa. 

The construction of the gene encoding the PRAI-KvB fusion protein was 
undertaken by overlap extension PCR. The template for producing the PRAI-encoding 
fragment was pMS401, previously used for the expression of wtPRAI. Amplification 
with Nco.for and the new reverse primer Loop6.rev (which incorporated 13 bp of KvB 
sequence at its 5' end to facilitate overlap extension) yielded a 428 bp product 
(Figure 5.14a). The 3' fragment of KvB was amplified from plasmid pMD-KvB (a gift 
from D.J. Hart, Sense Proteomic, Ltd.) using primers KvB.for (which also included 
11 bp overlap with PRAI) and KvB.rev. The reverse primer also encoded a (His)6-tag, 
an ochre stop codon and a HindIII restriction site at the 3' end of the K vB fragment. In 
addition, the short linker between KvB and the (His)6-tag was 5'-TCCGGA-3', which 
encodes Ser-Gly and is also a site of restriction by BspEI. PCR gave a high yield of the 
desired 491 bp product (Figure 5.14a). The gel-purified primary products were 
assembled into the 895 bp full-length product in an overlap extension reaction that 
included the outside primers Nco.for and KvB.rev (Figure 5.14b). 
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Figure 5.14. Construction of the gene encoding PRAI-KvB by overlap extension PCR. (A) Primary PCR 
products. Lanes 1, 6. 1 Kb Ladder DNA molecular mass standards . Lanes 2, 4.· Control reactions 
lacking template DNA. Lane 3. · Products on amplification with primers KvB.for and KvB.rev (expected 
size 491 bp). Lane 5. Products amplified with Nco.for and Loop6.rev (expected size 428 bp). (B) 
Overlap extension with outside primers Nco .for and KvB .rev. Lane 1. 1 Kb Ladder molecular mass 
standards. Lane 2. PCR control from which template DNA was omitted. Lane 3. The assembled 
PRAI-Kv~ gene. 
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The assembled PCR product and pMS401 were digested with Neal and Hindlll 
and the resulting insert (873 bp) and vector backbone ( 4266 bp) were gel-purified. 
Ligation and transformation of E. coli XL 1-Blue gave rise to clones carrying plasmid 
p WP 110 (Figure 5 .15), one of which was confirmed as carrying the correct PRAI-K vB 
insert by DNA sequencing with primers Nco.for and KvB.rev. 

pWP110 
(5139 bp) 

Figure 5.15. Map of plasmid pWPl 10. The HindIIf and Neal restriction sites used in its construction are shown, as is the BspEI site used in subsequent manipulations (refer section 5.4.2). Other restriction sites have been omitted for clarity. 

5.3.2 Expression and refolding of PRAI-KvB 

The clone carrying pWPl 10 was assessed for over-expression of PRAI-KvB from the 
IPTG-inducible trc promoter. The fusion protein was produced to high levels after 3 hat 
either 30°C (Figure 5.16) or 25°C (data not shown), however it was found exclusively in 
the insoluble cell homogenate fraction in both cases. While addition of IPTG to 500 µM 
clearly led to much increased expression, it was also observed by SDS-PAGE that a 
band corresponding to-PRAI-K vB was prominent in the uninduced whole cell sample 
(Figure 5 .16, lane 2), apparently indicating rather "leaky", constitutive expression from 
pWPl 10. In light of the slightly lower yield with no improvement in solubility at 25°C, 
all subsequent PRAI-KvB expression studies were carried out at 30°C. 

A maJor advantage of metal affinity chromatography for the purification of 
(His)6-tagged proteins is that it can be utilised in either native or denaturing conditions. 
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Figure 5.16. SDS-PAGE analysis demonstrates over-expression of insoluble PRAT-Kv~ fusion protein . Lane I. Broad Range molecular mass standards. Lanes 2, 3. Whole cell samples taken at t = 0 h (lane 2) and t = 3h (lane 3) of the induction. Lane 4. An aliquot of the soluble fraction (10 µI) recovered after lysis of induced cells. Lane 5. A sample of the insoluble pellet obtained after lysis . The band corresponding to PRAI-Kv~ (predicted M,. = 3 l 603 Da) is extremely prominent. 

It was therefore possible to purify the fusion protein by resolubilising the lysed cell 
pellet containing PRAI-Kvf3 in 6 M guanidinium hydrochloride (GuCl) and applying it 
to TALON resin. Furthermore, an on-column refolding strategy was devised in which 
adsorption to the resin and low-imidazole washes were carried out under denaturing 
conditions, followed by a series of washes in which the GuCl concentration was stepped 
down to 3 M, then 1 M, and finally omitted altogether (refer section 5.7.2.4 for full 
details of the experimental protocol). The low-GuCl washes also contained NADPH, as 
it was hypothesised that this might nucleate folding of the K vf3 subdomain. The result 
was an excellent yield of apparently homogenous fusion protein, eluted in a 
non-denaturing buffer containing 100 mM imidazole (Figure 5 .17). 
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Figure 5.17. Denaturing metal affinity chromatography and on-co lumn refolding yields purified PRAI-Kv~ fusion protein. Lanes 1, 2. Whole cell samples taken at t = 0 hand t = 3 h of the induction respective ly. Lane 3. Soluble cell lysate (10 µI) recovered after induction . Lane 4 . Broad Range molecular mass standards. Lands 5-8. Protein-containing fractions eluted from the TALON resin with 100 mM im idazo le, after refo lding (10 µI aliquots) . 
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5.3.3 PRAI-KvB: almost soluble? 

An empirical test of solubility was carried out by taking equal-volume aliquots of the 
purified fusion protein, pelleting possible insoluble aggregates in one aliquot (13 OOO g, 
5 min) and comparing band intensities of samples from the two supernatants after 
electrophoresis and Coomassie staining. The resulting bands were of approximately 
equal intensity (Figure 5 .18), hinting that PRAI-K vB had been successfully refolded on 
the TALON metal affinity column. Curiously, however, exchanging the protein into 
imidazole-free buffer by either centrifugal ultrafiltration or dialysis reproducibly caused 
it to precipitate out of solution; this observation will be revisited elsewhere (section 
5.4.4.4). These results suggested that while PRAI-KvB might be partially soluble when 
stabilised by the presence of imidazole, it was not sufficiently well-folded to provide 
proof of (Ba)8-barrel subdomain plasticity and nor was it amenable to further 
biochemical or biophysical characterisation. The directed evolution of a more stable 
hybrid (Ba)8-barrel was therefore undertaken. 

kDa 1 2 3 

42.7 

36.5 -26.6 

20.0 

14.3 

Figure 5.18. Qualitative assessment of PRAI-Kv~ solubility. Lane J. Broad Range molecular mass standards. Lane 2. An aliquot of purified protein (10 µl) that had not been centrifuged. Lane 3. A second aliquot of the same protein sample ( also 10 µl) that was centrifuged at 13 OOO g for 5 min prior to loading. The approximately equal· intensities of the bands in lanes 2 and 3 was taken as evidence that PRAl-K v~ was soluble in imidazole-containing elution buffer. 
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5.4 Results Ill: A K224X mini-library 

5.4.1 Modelling the PRAI-Kv~ fusion protein 

In collaboration with Dr. Simon Lovell (Department of Biochemistry, University of 

Cambridge), the algorithm Probe (Word et al., 1999), which makes use of small-probe 

contact dot surfaces, was employed to model the PRAI-Kvj3 fusion protein and to assess 

likely locations of steric clashes that might be preventing it from folding. By simply 

splicing the appropriate components of each three-dimensional structure, it was apparent 

that the j3-strands from PRAI and K vj3 could pack reasonably well, and would probably 

repack with comparative ease to regenerate a closed, hydrogen-bonded 13-barrel. 

Refitting the amino acid side chains to minimise sterically and energetically 

unfavourable interactions was carried out using SCWRL (Side Chains With Rotomer 

Library; Bower et al. , 1997). The resulting model (Figure 5.19) showed surprisingly 

few steric clashes at the interfaces between the PRAI and K vj3 parts of the fusion 

protein, testifying to the modular architecture of the (j3a)s-barrel domain. 

Figure 5.19. Model of PRAI-Kvf3 showing the steric clashes (red and orange regions) between PRAI 
(white) and Kvf3 (yellow), as predicted by Probe. Most bad overlap occurs in the region of a5 (PRAI) and 
a6 (Kvf3), at the top of the model. The figure was prepared using Mage (Richardson & Richardson, 2000). 

Of the steric clashes that were predicted using Probe, most were centred on the 

interface between a5 froin PRAI and a6 from Kvj3 (Figure 5.19). In particular, the 

fourth residue donated from Kvj3, Lys224, is solvent-exposed in the three-dimensional 
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structure of Kvj3, but is buried and clashes with neighbouring residues Val361, Leu365, 

Pro366 and Leu378 in the new Kvj3- PRAI interface (Figure 5.20). In the first instance, 

then, Lys224 was randomised by oligonucleotide-directed mutagenesis and the zeocin 

resistance folding marker was used in the selection of variants with increased solubility. 

Figure 5.20. Predicted steric clashes centred on Kvj) residue Lys224. PRAI residues are shown in white 
with green side chains, Kvj) residues are depicted in yellow with blue side chains, and the side chain of 
Lys224 is in blue at the centre of the predicted clashes (in turn represented by red and orange dots). The 
figure was prepared using Mage (Richardson & Richardson, 2000). 

5.4.2 Construction of library vectors pWP11 Oa and pWP111 

The template required for library construction and selection needed to encode a fusion of 

PRAI-Kvj3 and the zeocin resistance protein. In the first instance, it was intended to 

amplify the Sh ble gene for zeocin resistance from plasmid pPICZ-A (Invitrogen) and to 

clone it at the 3'-temiinus of the PRAI-Kvj3 gene in plasmid pWPllO (Figure 5.15) as a 

BspEI/HindIII fragment. However, attempted digests of pWPl 10 with BspEI failed due 

to the presence of an overlapping Dam methylation site (5'.;.AGATCCGGA-3'; the site 

of methylation is in bold typeface and the BspEI restriction site is underlined): the E. coli 

host XLl-Blue is not a dam strain. Given the high transformation efficiencies observed 

with XLl-Blue, however, it remained the strain of choice for generating a large library. 

Further, it was envisaged that repeated passaging of clones through a dam strain at each 

step of library construction would only serve to reduce the diversity represented in the 
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final library. It was therefore decided to remove the site of methy lation by introducing a 

translationally-silent point mutation (AGA -t AGG, both of which code for arginine). 

Point mutagenesis was effected by PCR amplification of the p WP 110 template 

with primers Nco.for and KvB.rev.2, the second of which encoded the necessary 

substitution. The 895 bp product and pMS401 were restricted with Neal and HindIII, 

gel-purified, ligated and used to transform E. cali XL I-Blue. Plasmid DNA from six of 

the resulting colonies was prepared and tested for restriction by BspEI. In contrast to the 

parental vector p WPl 10, all six underwent rapid digestion, and four also showed 

correctly-sized vector and insert fragments on digestion with Neal and HindIII 

(Figure 5.21). DNA sequencing with primer KvB.for confirmed the presence of the 

point mutation and an absence of secondary mutations in these four clones, one of which 

was subsequently renamed p WP 11 Oa ( as Figure 5 .15 with the exception of the single 

point mutation) and used for all further cloning. 

12345678 9 10 11 12 13 14 15 16 

Figure 5.21. Restriction analysis ofpWPl IOa clones. Lanes 1, 9. 1 Kb Ladder molecular mass markers. 
Lanes 2-7. DNA from six putative pWPl 10a clones, digested with BspEI. Lane 8. Plasmid pWPI 10 
digested with BspEL Note that restriction was only partial, despite identical digestion conditions to those 
for the clones in lanes 2-7. Lanes 10-15. The pWPl 10a clones digested with HindIIl and Neal. Lane 16. 
HindIWNcol-digested pWPl 10 DNA. 

With a suitable vector now to hand, the Sh ble gene was amplified from pPICZ-A 

using primers Zea.fer and Zea.rev. The former encoded a BspEI site and a short linker 

(Ser-Gly-Gly-Ser) for constructing the PRAI-KvB-zeocin resistance protein fusion 

(referred to as PKZ hereafter). The latter primer encoded a-(His)6-tag, ochre stop codon 

and HindIII site for the 3' end of the PKZ gene. The 430 bp PCR product was ligated 

into p WP 11 Oa after each had been restricted with BspEI and HindIII, generating pkz and 

the library selection plasmid pWPl 11 (Figure 5.22). 
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pWP111 
(5517 bp) 

Neal 

166 

BspEI 

ZeoR-(His) 6 

Figure 5.22. Map of the plasmid pWPll l. The pkz gene is represented as three bars in different shades 
of grey. Only the unique BspEI, Hindlll and Ncol restriction sites used in constructing the plasmid and in 
subsequent manipulations are shown. 

5.4.3 Inducible selection for zeocin resistance 

The principle of indirect selection for improved folding of PRAI-Kv~ based on the 
solubility of the zeocin resistance fusion partner was described in section 5.1.4. Given 
previous results in which a parental contaminant was preferentially selected from a 
library of variants (section 4.3.4.2), it was decided not to construct a positive control to 
verify that soluble domains fused to the zeocin resistance protein enabled expression of 
the resistance phenotype. Rather, it was critical that clones carrying p WP 111 and 
expressing PKZ were negative on selection by plating on zeocin-containing solid 
medium. It had previously been observed that expression of PRAI-K v~ from p WP 110 
was not completely repressed in the absence ofIPTG (section 5.3.2). The suitability of 
p WP 111 as the basis of the proposed selection strategy was therefore tested by plating 
E. coli XLl -Blue cells (normalised based on OD600) carrying pPICZ-A (a zeocin
resistant positive control), p WP 11 Oa ( a negative control lacking-the Sh ble gene) and two 
p WP 111 clones on a range of zeocin concentrations, in the presence and absence of 
IPTG (500 µM). Overnight incubation at 37°C gave the results shown in Figure 5.23 
and summarised in Table 5.1. . 
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No IPTG +IPTG 

Figure 5.23. Growth experiments to assess zeocin resistance as a marker for PKZ solubility. The four clones struck on each plate are E. coli XLl-Blue carrying the following plasmids : pPICZ-A (positive control, top quadrant); pWPl 11, clone 3 (left quadrant); pWPl 11, clone 7 (right quadrant) and pWPl 10a (negative control, bottom quadrant) . Each pair of plates are without (left) and with (right) added fPTG, and from top to bottom the zeocin concentrations in the medium are 1 µg .mr 1
, 10 µg.mr1, 100 µg.mr 1

, and 1000 µg.mr 1
• 

111 

'I 



Chapter 5: Subdomain shuffling in (f3a)8-barrel evolution 168 

Zeocin E. coli XLl-Blue carrying plasmid: 
concentration pPICZ-A pWPllOa pWPl 11(3) pWP111(7) (µg.mr 1

) - IPTG +IPTG -IPTG +IPTG -IPTG +IPTG -IPTG +IPTG . 1 + + - - + (+) + (+) 
10 + + - - + - + -

100 + + - - + - + -
1000 + + - - + - + -

Table 5.1. Growth patterns on increasing zeocin concentrations and in the presence and absence of IPTG (500 µM) of E coli strains carrying plasmids pPICZ-A (positive control, constitutively expressing Sh ble), pWPl 1 Oa (negative control, lacking Sh ble), pWPI I I (clone 3) and pWPI 11 (clone 7). Initial inocula were normalised on the basis of cell density measured as OD600 . Symbols used:+, confluent growth; (+), isolated co lonies;-, no growth. Refer also Figure 5.23. 

Rather unexpectedly, the clones carrying p WP 111 showed resistance to very high 
concentrations of zeocin provided IPTG was omitted from the growth medium. The 
implication was that "leaky" expression of PKZ was producing a low level of soluble 
resistance protein and that this was sufficient to confer the observed phenotype . 
However, on induction of PKZ over-expression by addition of IPTG, the resistance 
phenotype was abolished at all but the lowest zeocin concentration (at which only 
sporadic colonies were observed; Figure 5.23), suggesting that at higher intracellular 
concentrations the fusion protein aggregated into inclusion bodies. The consequence of 
this quirky observation was an inducible (but nonetheless potentially useful) selection 
system for PRAI-KvB: provided IPTG was present, zeocin resistance provided a 
stringent selection for the production of highly soluble protein. 

5.4.4 · Selection from the K224X mini-library 

5.4.4.1 Construction of the K224X library 

Having established a w_orkable selection system, the codon for residue Lys224 in a6, 
donated by KvB to the PRAI-KvB fusion protein, was replaced with an NNS codon by 
overlap extension PCR. The PRAI-KvB template, pWPl lOa, was amplified with 
primers epPCR.for and K224.Rand.rev to generate the 437 bp 5' fragment, while the 
partially randomised primer K224.Rand.for was used in conjunction with epPCR.rev to 
amplify the 471 bp 3' gene fragment (Figure 5.24a). After gel purification of the two 
fragments, the full-length PRAI-KvB gene was assembled by 12 cycles of overlap 
extension in the absence of primers. The assembly reaction gave rise to a number of 
misprimed or partially-extended fragments (Figure 5.24b ), so gel purification of the 
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correct product band was followed by secondary amplification with outside primers 
Nco.for and KvB.rev.2 (Figure 5.24c), before a second gel purification step, restriction 
with Neal and BspEI and a final gel purification yielded the 845 bp insert fragment. 
Plasmid vector pWPl 11 was also digested with Neal and BspEI, and additionally treated 
with shrimp alkaline phosphatase, to yield the 4.672 bp backbone for ligation. 

bp 1 2 3 4 

1000 

500/517 
400 
300 
200 

A. B. 

2 bp 

1000 

500/517 

1 2 3 

c. 

bp 

1000 

500/517 

400 

Figure 5.24. Construction of a K224X-PKZ mini-library by overlap extension PCR. (A) Primary PCR 
products. Lane 1. 100 bp DNA Ladder molecular mass standards. Lane 2. Control lacking p WPl 1 Oa 
template. Lane 3. Products of amplification with primers epPCR.for and K224Rand.rev. Lane 4. PCR 
products from amplification with K224Rand.for and epPCR.rev. (B) Lane 1. Products of primerless 
assembly. The desired band (888 bp) is prominent amongst the smear of products. Lane 2. 100 bp DNA 
Ladder molecular mass standards. (C) Secondary amplification of the assembled product. Lane 1. 
Negative control (no template DNA). Lane 2. JOO bp DNA Ladder molecular mass standards. Lane 3. 
Products of secondary amplification with primers Nco.for and K v~.rev.2 . 

After ligation and desalting, transformed E. cali XL I-Blue cells were plated on 
agar containing carbenicillin (100 µg .mr'), IPTG (500 µM) and zeocin (5 µg.mr 1

). 

Aliquots plated on medium containing carbenicillin alone allowed the total size of the 
library to be estimated at 31 OOO clones, of which fewer than 1 OOO resulted from 
undigested vector molecules. Given that only a single codon was randomised, and that 
there were therefore only a total of 32 possible variants, both common sense and GLUE 
(section 3 .2.1) can be used to show that the probability of all possible variants being 
represented was> 99.999999%. 

5.4.4.2 Selection and screening: ever-decreasing c/rcles 

The K224X library was plated under low-stringency selection conditions - on media 
containing IPTG and zeocin at a concentration of only 5 µg .mr' - so that even marginal 
improvements in PKZ solubility due to the replacement of Lys224 would be reflected in 
the growth of selected variants. Of the 31 OOO transformed clones plated under these 
conditions, 95 were able to grow. This was considerably fewer than the 970 or so 
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expected if the library was unbiased and one particular residue replacing Lys224 
conferred improved folding on the PKZ fusion protein. However, given observed biases 
in previous libraries constructed by oligonucleotide-directed mutagenesis (Table 4.6), it 
was possible that these 95 clones were identical and that they encoded a protein that was 
more soluble than the parental PKZ. The presence or absence of pkz-sized inserts in 
each clone was therefore assessed by a 96-well PCR screen with primers Nco.for and 
Zeo.rev (Figure 5.25), the expected product of which was 1273 bp. 
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Figure 5.25. PCR screen of clones selected from the K224X library. Molecular mass markers (2-log 
DNA Ladder) were loaded at each end of each row of wells. The lane marked with an asterisk contained a 
negative control from which template DNA was omitted. ln total 30 clones appeared to give the expected 
product (1273 bp), however five bands were in sufficiently low yields that they cannot be visualised in the 
scanned image shown here. 

All 30 clones that screened positive by PCR appeared to generate a product of the 
correct size, suggesting the other clones might have been false positives that had lost the 
binding sites for one-or both of the primers through deletion, while retaining enough of 
the Sh ble gene to give the ability to grow on zeocin-containing medium. The 30 
selected clones were used to re-inoculate 4 ml liquid cultures; 20 of these grew after 
overnight incubation. Plasmid DNA was prepared from all 20, and restriction with Neal 
and BspEI revealed that 12 had inserts of a: size corresponding to pkz (Figure 5.26). Of 
the 95 original positive clones, then, DNA sequence data was only obtained for these 12 
(using primer Nco.for) . 
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bp 1 2 3 4 5 6 7 8 9101112 1314151617181920212223 

3000 I I 1000 

500/517 ~---------~-845bp 

Figure 5.26. Restriction maps of se lected K224X library variants . Lanes 1-5, 7-17 and 20-23. DNA 
from selected clones restricted with BspEI and Neal. Lanes 6 and 18. 2-Log DNA Ladder molecular 
mass standards. Lane 19. Parental plasmid pWPl 11 restricted w ith BspE[ and Near. 

5.4.4.3 Sequence heterogeneity of selected clones 

Sequence data from the selected clones revealed considerable heterogeneity, in turn 
suggesting that each clone was likely to be a false positive. Two of the 12 contained the 
wild-type AAG sequence for lysine at codon 224. Six encoded a variety of amino acids 
(alanine, isoleucine, leucine, phenylalanine and two with tryptophan) and lacked 
secondary mutations. Three more clones encoded different amino acids at position 224, 
but shared a secondary mutation in which a 3 7 bp segment of the PRAI gene had been 
inverted, and also translocated by 3 bp. The inversion introduced a nonsense mutation, 
implying that re-initiation of translation of Sh ble must have occurred in order to give 
rise to the selectable phenotype. The final clone also encoded a truncated fusion protein, 
with a 13 bp fragment being duplicated, inverted and replacing a neighbouring 
9 bp sequence in the PRAI part of pkz. 

There is no obvious mechanism by which the inversions, duplications and 
deletions observed in four of the selected clones could have come about during the PCR
based construction of the pkz insert. Despite E. coli XLl-Blue being a recA strain, 
in viva recombination events appear to have generated these mutations in order to allow 
expression of low leyels of soluble zeocin resistance protein in the face of life-or-death 
selection pressure. It remained possible, however, that one or more of the clones lacking 
secondary mutations encoded a more soluble variant of the PKZ fusion protein. 
Small-scale cultures (10 ml each) were therefore induced to express the six non-wild
type fusion proteins. One of the clones encoding lysine at position 224 was also 
expressed, as it seemed likely that another mode of resistance, such as a promoter 
mutation to leave the clone unresponsive to induction with IPTG, had arisen. Soluble 
and insoluble homogenate fractions were analysed by SDS-PAGE (Figure 5.27). 
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1 2 3 4 
kDa M u s u s u s u s M kDa 
66.4 66.4 
55.6 55.6 
42.7 42.7 
36.5 36.5 

26.6 26.6 

20.0 20.0 

14.3 14.3 

5 6 7 8 
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66.4 66.4 55.6 55.6 42.7 42.7 
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Figure 5.27. Trial inductions of clones se lected from the K224X library. Whole cell uninduced ("U"), 
soluble lysate ("S") and inso luble pellet (" I") samples were e lectrophoresed fro m each induction; 
M = Broad Range molecular mass standards . Clone I: E. coli XU-Blue carrying pWP I I l and expressing 
PKZ. The over-expressed protein is v isible in the uninduced and inso luble fractions. Clone 2: K224L
PKZ. Clone 3: K224W-PKZ. Clone 4 : K224K-PKZ (i. e. encoding lys ine at pos ition 224 but se lected 
from the library nonetheless). Clone 5. K224A-PKZ. Clone 6. K224F-PKZ. Clone 7. K224W-PKZ 
(second clone). Clone 8. K224I-PKZ. 

5.4.4.4 K224A-PKZ: a variant with improved solubility? 

As observed in Figure 5.27, only one clone, the K224A-PKZ variant, appeared to be 
over-expressed as a full -length fusion protein; in all other cases proteolytic cleavage to 
yield insoluble PRAI-Kv/3 alone was apparent. When the structure of the PRAI-Kv/3 
fusion protein (Figures 5.19 and 5.20) was considered, an alanine-for-lysine substitution 
seemed a plausible way to minimise the steric clashes identified between PRAI a5 and 
Kv/3 a6. K224A-PKZ was therefore over-expressed and purified from inclusion bodies 
using the same on-column refolding strategy devised for PRAI-Kv/3 . While the 
observed yield was considerably lower than for PKZ itself, both were purified to 
near-homogeneity (Figure 5.28). 
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kDa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

66.4 
55.6 
42.7 

36.5 
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14.3 
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173 

Figure 5.28. Denaturing purification and on-column refolding of PKZ (lanes 1-7) and K224A-PKZ (lanes 
9-15). Lanes 1, 9. Whole cell samples from t = 0 h in the inductions. Lanes 2, 10. Whole cell samples 
from t = 3 h. Lanes 3, 11. Soluble fractions (10 µI aliquots) obtained after lysis of cells in each culture. 
Lanes 4-7 and 12-15. Protein-containing fractions eluted from each TALON column (10 µl aliquots). 
Lane 8. Broad Range molecular mass standards. 

An anti-(His)6 western blot of crude cell fractions was also carried out to assess 

whether K224A-PKZ retained greater solubility in viva than the parental fusion protein. 

The results suggested that it did not (Figure 5.29), but that its selection from the K224X 

library may have been due to decreased expression of an insoluble fusion protein. It is 

noteworthy that a (His )6-positive species, corresponding in size to the tagged zeocin 

resistance protein alone (14.5 kDa), is evident in the soluble homogenate fractions from 

both clones. It seemed, then, that proteolytic cleavage of the fusion protein and/or 

re-initiation of translation could give rise to low levels of soluble resistance protein, and 

that this could confer a resistance phenotype. 
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Figure 5.29. Anti-(His)6 western blot of fractions from inductions of PKZ (lanes 1-4) and K224A-PKZ 
(lanes 6-9). Lanes 1, 6. Whole cell samples from uninduced cultures (t = 0 h). Lanes 2, 7. Whole cell 
samples from the inductions at t = 3 h. Lanes 3, 8. Soluble fractions obtained on cell lysis. Lanes 4, 9. 
Aliquots (5 µl) of the purified proteins, corresponding to lanes 4 and 12 in Figure 5.28. Lane 5. 
Prestained Broad Range molecular mass standards. 
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It was observed that dialysis to remove imidazole from protein-containing column 

fractions caused the PRAI-Kv/3 fusion protein to precipitate out of solution 

(section 5.3.3). Similar tests were conducted with PKZ and K224A-PKZ, in which 

protein samples of equal concentrations were dialysed against a variety of buffers. The 

only reproducible result was that dialysing the column eluant ( containing 100 mM 

imidazole) against buffer containing 50 mM imidazole (with other components fixed, 

i.e. 20 mM Tris-HCl, 100 mM NaCl, 10 µM NADPH, pH 7.5) appeared to keep both 

fusion proteins soluble (Figure 5.30). Solubility at lower imidazole concentrations and 

in a range of other buffer and salt conditions remains to be elucidated conclusively. 

Furthermore, no improvement in the solubility of K224A-PKZ compared with PKZ was 

observed in these qualitative assays. 

kDa 

66.4 

55.6 

42.7 

36.5 

26.6 
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Figure 5.30. Analysis of PKZ and K224A-PKZ solubilities (refer section 5.3.3 for experimental detalis). 
Lanes 1, 2. PKZ dialysed into CB (20 mM Tris-HCl, 100 mM NaCl , 10 µM NADPH, pH 7.5) alone, 
before (lane 1) and after (lane 2) centrifugation. Lanes 3, 4. PKZ dialysed into CB containing 50 mM 
imidazole, before (lane 3) and after (lane 4) pelleting. Lane 5. Broad Range mass standards . Lanes 6, 7. 
As lanes land 2, except K224A-PKZ. Lanes 8, 9. As lanes 3 and 4, for K224A-PKZ. 

It seemed, then, that the purified, refolded PKZ fusion proteins required high 

concentrations of imidazole to retain any solubility. Nonetheless, the implication was 

that under these conditions, they retained a considerable degree of secondary and tertiary 

structure in solution. This was investigated further using far UV CD. Only partial 

spectra could be obt~ined, as the presence of high-absorbance buffer components 

(20 mM Tris, 50 mM imidazole) coupled with the low concentrations of the fusion 

proteins (less than 3 µMin each case, compared with 40-50 µT:-1 in previous experiments 

on PRAI and tPRAI) meant that data from wavelengths below 227 nm was unusable . 

The resulting spectra (Figure 5.31) hint that the fusion proteins do possess some 

secondary structure, although by comparison with the spectrum for wtPRAI in the same 

buffer, they do not appear to be as structured on a per-residue basis. In the absence of 

complete spectra, and with the presence of the zeocin resistance protein fusion partner, 

however, it is impossible to draw more definitive conclusions. 
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Figure 5.31. Far UV CD spectra of PKZ (gold), K224A-PKZ (blue) and wtPRAI (green). Each trace 
represents the mean of six wavelength scans from which buffer-only baselines have been subtracted and 
raw data have been converted to mean residue ellipticity ([8Jmn.). Further experimental details are in 
section 5.7.2.8. 

5.5 Results IV: Directed evolution to improve folding 

While the K224X mini-library failed to yield a new PRAI-Kvj3 variant with improved 

folding, the discovery that PKZ and K224A-PKZ were soluble and at least partially 
structured in imidazole-containing buffers remained tantalising_ It was therefore 
resolve.d to use the "irrational" methods of directed evolution - epPCR and StEP PCR -
to attempt the selection of a PKZ variant with increased solubility. First, however, 
practical considerations in the construction of unbiased epPCR libraries were 
investigated. 

5.5.1 Constructing unbiased libraries by epPCR 

As discussed in section 3.3, diversity in randomised libraries is maximised when all 
variants are equally probable. In practice, however, most epPCR libraries are generated 
using Taq polyermase, which shows strong biases in its rates of nucleotide 
misincorporation (Shafikhani et al., 1997). In particular, Taq favours tranversions of the 
types A -T and T -A, and miscopying at adenine or thymine nucleotides accounts for 

over 75% of all observed mutations (Table 5.2). Mutazyme, a polymerase displaying an 
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approximately opposite bias in its mutational spectrum (Table 5.2) has recently become 
commercially available from Stratagene. Sequential amplification of the pkz template 
with each polymerase was therefore investigated as a means of generating unbiased 
epPCR libraries. 

Tvoe(s) of mutations Taq DNA oolvmerase Mutazyme DNA polymerase Transitions 
A--"7G, T--"7C 27.6% 10.3% G--"7A, C--"7T 13.6% 43.7% Transversions 
A--"7T, T--"7A 40.9% 11.1% A--"7C, T--"7G 7.3% 4.2% G--"7C, C-;-7G 1.4% 8.8% G--"7T, C--"7A 4.5% 20.0% Insertions and deletions 
Insertions 0.3% 0.8% Deletions 4.2% 1.1% Summary of bias 
Transitions/transversions 0.8 1.2 AT --"7GC/GC--"7A T 1.9 0.2 A--"7N, T--"7N 75.9% 25.6% G--"7N, C--"7N 19.6% 72.5% Mutations oer kb oer PCR 4.9 < Ito 7 

Table 5.2. The mutational spectra of Taq and Mutazyme DNA polymerases. Note the opposite biases towards misincorporat ion at AT and GC base pairs (bold typeface). Source: GeneMorph™ PCR Mutagenesis Kit instruction manual, Stratagene (La Jo lla, California). 

It had previously been observed that 15 cycles of epPCR with Mutazyme, followed 
by a DNA clean-up step and a further 15 cycles using Taq led to a balanced mutational 
spectrum (M. de Lumley, personal communication). Similar conditions were therefore 
initially used here. Fifteen cycles of amplification were carried out with primers 
epPCR.for and epPCR.rev, using either 25 ng pWPl lOa (Mutazyme) or 10 ng pWPl lOa 
(Taq) as the template. The 888 bp products were purified from the other components of 
the PCR mix and 30 ng of each was used as the template for further amplification with 
the second polymerase. It is known that the mutation rate of Taq increases with 
increasing concentrations of the divalent cations Mg2

+ and Mn2
\ for the first trial, the 

conditions described by Cadwell and Joyce (1992), comprising MgCb at 7 mM and 
MnCb at 0.5 mM, were employed. 

The products amplified with Mutazyme-Taq and with Taq-Mutazyme were 
restricted with Neal and BspEI, ligated into the library vector pWPl 11 and used 
independently to transform E. coli XL 1-Blue. Plating transformed cells on media 
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containing carbenicillin but not zeocin allowed the isolation of plasmid-carrying clones 
in the absence of selection pressure for the expression of soluble PKZ variants. DNA 
sequence was obtained (using primer PCE820.for) from nine clones selected at random 
from each experiment, yielding a total of over 5000 bp of readable sequence in each 
case . The mutational spectra in the two mini-libraries were indistinguishable, 
confirming that the order in which the two polymerases were employed did not affect the 
outcome. However, with 122 of the 152 substitutions observed (80%) being of the type 
A---+ N or T----+ N, it was clear that Taq was contributing the majority of mutations. 

Further, the overall error rate was very high (14.8 mutations per kilobase) suggesting 
that finding a functional variant in a library constructed under these conditions would be 
extremely unlikely. 

According to the manufacturer's protocol, the only important factors in modulating 
the error rate of Mutazyme polymerase are the initial template concentration and the 
number of cycles of amplification employed. It is assumed that the mutation frequency 
per copying of a given template is fixed, and that the overall error rate can therefore be 
increased by decreasing the template concentration and by increasing the number of 
cycles. To redress the balance of mutations contributed by Mutazyme and Taq, a second 
test library was constructed. In this trial, the number of cycles of PCR using Mutazyme 
was increased to 18, and the amount of the template p WP 11 Oa in the 50 µI reaction was 
decreased 100-fold to 250 pg. The purified product (40 ng) was used as the template for 
12 cycles of epPCR with Taq polymerase, in a reaction mix containing a lower 
concentration of MnCb (0.25 mM) than previously. Analysis of nine clones isolated 
after ligation with p WP 111 and transformation of E. coli XL I-Blue suggested that these 
conditions introduced a more balanced range of mutations at a more favourable 
frequency (Table 5.3). _ 

The observed mutation rate of 5.9 per kilobase, or 5.0 p~r pkz gene (840 bp), is in 
the range considered ideal based on Poisson statistics (sections 3.2 .2 and 3.3) . 
Interestingly, while the ratio of transitions to transversions observed in the test library 
appeared "Mutazyme-like", a "Taq-like" preference for A---+ N and T----+ N substitutions 

was also observed ( compare Table 5.2 and Table 5.3). However the severe bias towards 
A---+ T and T----+ A mutations observed for Taq was reduced considerably in the test 
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library, providing good evidence for the balancing effect of employing the two different 
polymerases. 

Type(s) of mutations Frequency Proportion of total 
Transitions 
A~G, T~C 12 35.3% 
G~A,C~T 8 23.5% 
Transversions 
A~T, T~A 8 23.5% 
A~C, T~G 2 5.9% 
o~c,c~o I 2.9% 
G~T,C~A 2 5.9% 
Insertions and deletions 
Insertions 0 0% 
Deletions 1 2.9% 
Summary of bias 
Transitions/transversions 1.5 NA 
AT ~GC/GC~AT 2.2 NA 
A~N, T~N 22 64.7% 
G~N,C~N 11 32.4% 
Mutations per kb 5.9 NA 
Mutations per pkz gene (840 bp) 5.0 NA 

Table 5 .. 3. Mutationa l spectrum of an epPCR library constructed by sequential amplification with the 
DNA polymerases Mutazyme (18 cycles) and Taq (12 cycles). In total, 5718 bp of DNA were sequenced, 
yielding 33 point mutations and one sing le nucleotide deletion. NA= not applicable. 

5.5.2 An epPCR pkz library: towards a soluble fusion protein 

The conditions derived in the course of generating the two test libraries were further 
modified in the construction of a pkz library for the analysis of PRAI-K vB fusion protein 
solubility. Although randomising Lys224 alone had failed to yield a more soluble 
PRAI-KvB fusion protein, this residue remained a key target for mutagenesis. The 
template for epPCR was therefore 100 pg of the PCR product encoding K224X-PKZ 
(section 5.4.4.1). To eliminate further the Taq-like bias towards substitutions at A:T 
base pairs, 20 cycles of amplification were carried out with Mutazyme. While the 
product yield from this initial round of mutagenesis was not high (Figure 5.32a), it was 
more than sufficient to be used as the template for amplification with Taq. The Taq 
epPCR was reduced to 10 cycles but was otherwise identical to that employed for the 
construction of the second test library (i. e. with the concentration of MnCh reduced to 
0.25 mM). After this second round of amplification, the 888 bp fragment encoding 
PRAI-KvB was recovered in suitable quantities for library construction to proceed 
(Figure 5.32b) . 
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Figure 5.32. Construction of an epPCR pkz library. (A) Initial amplification with Mutazyme (20 cycles). 
Lane I . Negative control (no template). Lane 2. 2-Log DNA Ladder molecular mass markers . Lane 3. 
Products of the Mutazyme PCR (2.5 µI aliquot of 100 µI total reaction volume). (B) Amplification of the 
Mutazyme product with Taq. Lane I . Control reaction lacking template DNA. Lane 2. 2-Log DNA 
Ladder molecular mass standards. Lane 3. Products of the Taq reaction (2.5 µI of300 µI total volume) . 

The mutagenised PCR product and pWPl 11 were over-digested with Neal and 
BspEI, producing an 845 bp insert and 4672 bp vector backbone, both of which were 
gel-purified. The vector and insert were ligated at a 1 :3 molar ratio and the products 
were used to transform 29 aliquots of E. coli XLl-Blue cells. Dilutions plated on 
LB-carbenicillin medium allowed the size of the library to be estimated at 3.8 x 106 

clones, of which approximately 1 % were due to undigested vector contamination. 

DNA sequence data from 11 unselected clones, obtained with primer PCE820.for, 
revealed a mutation rate of 4.4 per gene (in addition to the oligonucleotide-directed 
randomisation of the codon for Lys224) and a more Mutazyme-like mutational spectrum 
than in previous libraries (Table 5.4). The bias towards mutation at A:T base pairs was 
reversed towards slightly favouring G:C positions, and transitions were predominant. 

The distribution of A, the mean number of mutations per sequence, approximated a 

Poisson distribution. If biases in nucleotide misincorporation are assumed to be 
negligible (which is an over-simplification, based on the data in Table 5.4), PEDEL 
(section 3 .2.2) can be used to generate a rough estimate of the diversity and sub-library 
composition of the total library. The statistics are complicated by the oligonucleotide
directed randomisation of Lys224: the number of possible variants for a given 
sub-library, Vx , must be multiplied by 32 to take this into account. It then becomes 
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Tvoe(s) of mutations Frequency Proportion of total 
Transitions 
A~G, T~C 11 28.9% 
G~A, C~T 15 39 .5% 
Transversions 
A~T, T~A 2 5.3% 
A~C, T~G I 2.6% 
G~C,C~G 3 . 7.9% 
G~T, C~A 4 10.5% 
Insertions and deletions 
fnsert ions I 2.6% 
Deletions 1 2.6% 
Summary of bias 
Transitions/transvers ions 2.6 NA 
AT~GC/GC~AT 0.63 NA 
A~N, T~N 14 36.8% 
G~N, C~N 22 57.9% 
Mutations per kb 5.3 NA 
Mutations per okz gene (840 bp) 4.4 NA 

Table 5.4. Mutational spectrum of the PRA I-Kv~ epPCR library. The resu lts are coll ated fro m 7229 bp of DNA sequence, obtained from 11 members of the unselected li brary. In tota l there were 36 po int mutations, one sing le nucleotide de letion and one 19 bp insertion; addit ionally, eight different sequences were represented at the codon for Lys224. 

possible to use GLUE (section 3.2.1) to re-calculate sub-library completeness, Cx (Table 
5.5). Because of the extra variability introduced by randomising Lys224, it can be seen 
that the PRAI-Kv~ library would have failed to sample all possible variants carrying 
single nucleotide mutations. However the observed mutation rate, A = 4.4, meant that 
over 100 OOO distinct sequences were present in each of the x = l, 2, 3, 4, 5, 6, 7 and 8 
sub-libraries, suggesting that a useful range of variation was represented. Furthermore, 
summing the diversity represented in each sub-library yields a total completeness of 
C ~ 3 .6 x 106, i. e. almost every sequence in the library is expected to be a unique variant 
and diversity is maximal. 

The library itself was plated on medium containing carbenicillin (100 µg.mr '), 
IPTG (500 µM) and zeocin at 100 µg.mr ' . By selecting for resistance to a considerably 
higher concentration of zeocin than that used in the K224X mini-library (5 µg.mr 1

) , it 
was hoped that the majority of false positives arising from re-initiation of translation and 
consequent low-level expression of the soluble resistance protein would be eliminated. 
Further, the library was growri at 30°C to favour the production of soluble PKZ. After 
30 h incubation, approximately 1000 colonies, or 0.026% of the total library, had grown. 

I I 
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Rather than analysing individual clones at this stage, these clones were harvested and 
pooled for use as the parental templates for a round of in vitro recombination. 

x• L} V/ c/ C/Vx (%)° 
0 4.7 X 104 3.2 x 10 1 3.2 x 10 1 100 
1 2.1 X 105 8.0 X 104 7.4 X 104 93 
2 4 .5 X 105 1.0 X 108 4.5 X 105 0.44 
3 6.6xl05 8.6 X 10 10 6.6 X 105 7 .7 X 10-4 

4 7.3 X 105 5.4 X 10 13 7.3 X 105 1.4 X 10-6 

5 6.4 X 105 2.7 X 10 16 6.4 X 105 2.4 X J0-9 

6 4 .7 X 105 l.l x l0 19 4.7 X 105 4.3 X 10- 12 

7 3.0 X 105 3.8 X 1021 3.0 X 105 7.9 X 10- 15 

8 1.6 X 105 1.2 X 1024 1.6 X 105 1.3 X 10- 17 

9 7.9xl04 3.5 X 1026 7.9 X 104 2.3 X 10-20 

10 3.5 X 104 8.6 X 1028 3.5 X 104 4.1 X 10-23 

11 1.4 X 104 2.0 X 1031 1.4 X 104 7.0 X 10-26 

12 5.1 X 103 4.2 X 1033 5.1 X 103 1.2 X 10-28 

13 l.7 x l03 7.7 X 1035 1.7 X 103 2.2 X 10-3 1 

14 5.5 X 102 1.4 X 1038 5.5 X 102 3.9 X ] 0-34 

15 1.6 x 102 2.3 X 1040 1.6 X 102 7.0 X 10-37 

16 4.4 X 10 1 3.5 X 1042 4.4 X 10
1 1.3 X 10-39 

a N umber of mutations per sequence. 
b Expected number of sequences in the library with exactly x mutations. 
0 Number of possible variants with exactly x mutations. 
d Expected number of distinct variants in the library with exactly x mutations. 
e Percentage of all possible variants with exactly x mutations represented in the library. 

Table 5.5. Analysis of epPCR sub-library compositions, as estimated by PEDEL and GLUE. Specified 
parameters were library size L = 3.8 x 106

; sequence length n = 840 bp and mean number of mutations per 
sequence 'A= 4.4. 

5.5.3 StEP PCR: harnessing the power of recombination? 

By adding liquid medium to the surface of the plate, the 1 OOO positive clones of the 
epPCR library were recovered and their plasmid DNA was purified for use in a 
Staggered Extension Process (StEP) PCR (refer section 3.1.2). On analysing an aliquot 
by restriction digestion with Neal and BspEI, it became apparent that the recovered 
DNA was heterogeneous, and that only a minor proportion of it contained an insert of 
the size corresponding to PRAI-KvB (845 bp; Figure 5.33a). A primary PCR was 
therefore carried out on the pooled template, in which primers epPCR.for and Zea.rev 
were used to amplify and enrich the entire pkz gene from those plasmids which actually 
encoded it. The expected 1276 bp product was obtained at a very high yield 
(Figure 5.33b). 
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Figu re 5.33 . Primary amplification of DNA from clones selected from the epPCR library . 
(A) Heterogeneity of the recovered plasmid DNA. Lane 1. Bsp El/Ncol-digested pWPl 11 DNA. Lane 2. 
Molecular mass standards (2-log DNA Ladder). Lane 3. BspEI/Ncol-digested plasmid DNA from the 
selected clones. (B) Amplification of the recovered DNA. Lane I . 2-Log DNA Ladder. Lane 2. Control 
lacking template DNA. Lane 3. PCR products obtained with primers epPCR. for and Zeo.rev. 

After gel purification, the amplified, randomly-mutagenised molecules of pkz 

template DNA were recombined in vitro using StEP PCR and the primers epPCR.for and 

Zeo.rev. In accordance with the original protocol (Zhao et al., 1998), after 99 cycles of 

extremely abbreviated annealing/extension, gel electrophoresis of the products revealed 

the desired product as a faint but discrete band within a smear of DNA (Figure 5.34). 
This band was excised as carefully as possible from the gel for purification. 

bp M StEP products 
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Figure 5.34. Products of in vitro recombination by StEP PCR. M = 2-log DNA Ladder. 

Expression of PKZ from p WP 11 1 was consistently shown to occur at low levels 

even in the absence of IPTG (section 5.4.3). This implied that a mutation in the 

regulatory region of pkz, most likely in the lacO operator sequence, had been acquired at 
some point in the construction of this plasmid. By amplifying the full -length p kz gene, 

then, it was now possible to restrict it with Ncol and HindIII, and to ligate it into the 
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vector originally used for expression of wtPRAI, pMS401. As the first epPCR step had 
not subjected the Sh ble part of pkz to randomisation, there should have been no 

variation in this region in the StEP template pool. Therefore, in vitro recombination will 
have had neither a beneficial nor a deleterious effect on the folding marker itself. After 
over-digestion, pMS401 and insert DNA were ligated (1 :3 molar ratio) and the products 
were used to transform 30 freshly-prepared, unfrozen aliquots of E. coli XLl-Blue. 

Plating dilutions on LB-carbenicillin indicated that the resultant StEP library contained 
2.2 x 106 clones. The recombined insert had been purified from a smear of DNA 

(Figure 5 .34 ), so some length heterogeneity was expected in the library. A PCR screen 

of 94 unselected clones was therefore undertaken, using primers Nco .for and PCE. seq. 
The results indicated that approximately 72% of the library contained an insert of the 
correct size, with 68 of the 94 clones giving the predicted PCR product of size 1358 bp 
(Figure 5.35). In light of these data, the effective size of the library was revised to 

1.6 x 106
. Further statistical analysis of the diversity represented (e.g. using DRIVeR; 

section 3 .2.3) was impossible because a pool of parental variants with unknown 
sequences were recombined; it is therefore not possible to estimate a mean crossover 
frequency, A. 
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Figure 5.35. PCR screen of 94 unselected members of the StEP library. ~olecular mass markers (2-log 
DNA Ladder) were loaded at each end of each row of wells . Positive (pWPI 11) and negative (no 
template) controls are in the lanes marked with a + and a - respecti ve ly. Jn total , 68 clones gave an 
amplified product (1358 bp) corresponding to full-length pkz. 

For maximum-stringency selection, the library was plated on LB medium 
containing zeocin at 500 µg.mr 1

, in addition to carbenicillin and IPTG as previously. 

After 40 h growth at 30°C, 191 positive clones had appeared on the selection plate. This 
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corresponds to 0.012% of the total library, or a frequency of positive clones of one in 
every 8400 library variants. In contrast, positive clones were selected from the original 
epPCR library at about twice the frequency (0.026%, one in 3800), albeit on a five-fold 
lower concentration of zeocin. Given the severity of the selection, it was possible that 
the reduced frequency of actively-growing clon~s reflected a diminished background of 
false positives. All 191 colonies were therefore picked into LB-carbenicillin for analysis 
and for long term storage at -80°C. 

Twenty of the 191 positive clones were selected at random for further analysis. 
They were cultured in liquid medium containing carbenicillin, zeocin and IPTG, 
reconfirming their selectable phenotype. Plasmid DNA was prepared from each clone 
and the presence of a pkz-sized insert was investigated by restriction with Ncol and 
Hindlll. Surprisingly, only eight of the 20 contained the expected 1251 bp insert, while 
two clones appeared to have lost one of the restriction sites and the other six were of a 
significantly smaller size than the parental plasmid pMS401 (Figure 5.36). DNA 
sequence data were consequently obtained from the eight insert-containing clones, and 
also from one of each of the other variants represented in Figure 5.36, using the 
backbone-specific primers PCE820.for and PCE.seq. 

bp M 1 2 3 4 5 6 7 8 9 1 0 11 12 13 14 15 M 16 17 18 19 20 
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Figure 5.36. Restriction analysis of 20 clones selected from the StEP library of pkz variants. M = I Kb 
Ladder DNA molecular mass standards. Lanes 1-20. Plasmid DNA from the selected clones restricted with Hind III and Neal. 

5.5.4 You get what you select for (take two) . 

The sequence data obtained from the selected variants were of excellent quality, except 
in the case of the severely truncated clone (i.e. that represented in lane 4 in Figure 5.36), 
from which no readable sequence was obtained. The identity of this clone remains 
elusive, although the fact that it is restricted by either Ncol or Hindlll suggests that it 
may be derived from pMS401 via some major recombination-mediated rearrangement. 
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The second anomalous clone (lane 17, Figure 5.36) contained a large deletion that 
removed the 5' Neal restriction site, the entire PRAI component of pkz and the first 52 

codons of the KvB moiety . While this provided an explanation for the observed 
restriction pattern, the mechanism giving rise to the deletion is not obvious. As 
predicted, no mutations in the Sh ble portion of pkz were observed in any of the clones 
for which sequence information Was obtained. 

Of the eight StEP clones containing full -length pkz inserts, none encoded a 
full-length fusion protein. Five shared a G4 T transversion that altered the third codon 

of the pkz open reading frame from GAG (Glu) to TAG (amber stop). Two more shared 
a single nucleotide deletion; the resulting frameshift truncated PKZ after only eight 
amino acids. The final clone contained a T 4A point substitution that mutated a leucine 

codon (TTG) to the amber stop codon (TAG) at residue position 28 of the fusion protein. 

The selected sequences showed remarkable convergence to encode only three 
different nonsense mutations at the 5' end of the pkz gene. Interestingly, however, it was 
also apparent that they had arisen from divergent lineages. The eight clones all had 
different sequences coding for residue 224 (i. e. the lysine targeted for oligonucleotide

directed randomisation), indicating that they had originated from different templates in 
the original epPCR library (Table 5.6). The power of in vitro recombination in this case, 
then, was to mediate the acquisition of one of a handful of nonsense mutations that must 
have arisen by chance during the first epPCR, and to ensure that these were represented 
in a variety of otherwise divergent clones. 

Strictly, selection was not for improved folding of the PKZ hybrid (Ba)8-barrel, but 
rather for the production of a soluble zeocin resistance protein. The high concentration 
of antibiotic used and the molecular mechanism of resistance suggested that selection 
would require over-expression of the resistance protein, and this in turn was assumed to 

be most likely when the PRAI-KvB fusion partner was also soluble. However, the 

sequence data demonstrated that truncation of the (Ba)8-barrel could also give rise to a 

. selectable phenotype; the implication is therefore that re-initiation of translation was 
producing the soluble resistance protein lacking fusion partners. One possible site of 
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Clone" 5' sequence (5' ~ 3') Region of codon 224 (5' ~ 3') 
pkz template ATG GGT GAG AAT AAA GTA TGT GGC CTG ACG AGG GAG AAG GTA GAG 
Translation M G E N K V C G L T R E K V E 
S2 ATG GGT GAG AAT AAA GTA TGT GCC TGA CG AGG GAG TTG GTA GAG 
Translation M G E N K V C A * R E L V E 
S7b ATG GGT GAG AAT AAA GTA TGT GGC CTG ACG AGG GAG TGC GTA GAG 
Translation M G E N K V C G L T R E C V E 
S8 ATG GGT TAG AAT AAA GTA TGT GGC CTG ACG AGG GAG TCC GTA GAG 
Trans lation M G * R E s V E 
SIS ATG GGT GAG AAT AAA GTA TGT GCC TGA CG AGG GAG GTG GTA GAG 
Translation M G E N K V C A * R E V V E 
Sl6 ATG GGT TAG AAT AAA GTA TGT GGC CTG ACG AGG GAG GAC GTA GAG 
Translation M G * R E D V E 
S18 ATG GGT TAG AAT AAA GTA TGT GGC CTG ACG AGG CAG TTC GTA GAG 
Translation M G * R Q F V E 
Sl9 ATG GGT TAG AAT AAA GTA TGT GGC CTG ACG AGG GAG TAC GTA GAG 
Trans lation M G * R E y V E 
S20 ATG GGT TAG AAT AAA GTA TGT GGC CTG ACG AAG GAG CCC GTA GAG 
Translation M G * K E p V E 

• Labelled according to lane number in F igure 5.36. 
b Note that a nonsense mutation in the 28th codon of this variant also produced a truncated fusio n protein. 

Table 5.6. Summary of sequence convergence at the 5' end of pkz and divergence at codon position 224. 

re-initiation was a methionine residue in the Kv~ sequence, 40 amino acids upstream of 
the start of the zeocin resistance protein. Alternatively, the third codon of Sh ble is TTG 
(leucine ); E. coli is thought to initiate the translation of approximately 130 of its 4288 
open reading frames from such a codon (Blattner et al., 1997). Intriguingly, however, 
analysis of the nucleotide sequences obtained with the reverse primer PCE.seq suggested 
that again, the power of random mutagenesis was to the fore in generating variants able 
to survive under the selection conditions. One clone (S 16) had acquired a point 
mutation altering the TTG codon at Sh ble position 3 to the regular initiator codon, ATG. 
Further, the linker between Kv~ and the zeocin resistance protein is encoded by the 
sequence 5'- GGAGGTTCG-3 '; the underlined nucleotides approximate the consensus 
Shine-Dalgarno sequence (5'-AGGAGGT-3'). In two other clones (S15 and S19), the 
penultimate K v~ codon, AGG (Arg) was mutated to A TG (Met). In analogy to clone 
S16, there is also a Shine- Dalgarno-like sequence (5'-AAGGA-3') situated 5 bp 
upstream from the new start codon. 

To investigate the proposed re-initiation event further, an anti-(His)6 western blot 
was carried out on the soluble cell lysates of the eight selected clones. Lysis of the 
culture carrying S8 appears to have failed, with no anti-(His)6 signal evident for this 

I 
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clone. Only very weak signals corresponding to the 14.5 kDa, (His)6-tagged zeocin 
resistance protein were observed for the other clones (Figure 5.37). The absence of a 
detectable product at -19 kDa suggests that in most clones, re-initation of translation is 
occurring at the TTG of Sh ble, and not the K vj3-encoded A TG further upstream. 
Additionally, three clones (S7, S15 and S16) demonstrated expression of a -45 kDa 
(His)6-tagged protein, presumably corresponding to full-length PKZ. This protein was 
also present at low levels in the lysates from clones S2, S 18 and S 19. In the cases of 
clones S7, S16, S18 and S19, fusion protein truncation is effected by incorporation of an 
amber stop codon. E. coli XLl-Blue is a supE strain, so suppression of the nonsense 
mutation is likely to have led to the production of the full-length protein. Expression of 
pkz in clones S2 and S15, however, is terminated via an opal codon (TGA). The 
production of a full-length fusion protein by these clones is difficult to rationalise. 
Moreover, clones S15, S16 and S19 are those which contain second site mutations 
generating new initiator codons and proto-Shine-Dalgarno sequences, although despite 
these the expression of Sh ble alone does not appear to be significantly higher than that 
observed in other clones. In summary, it seems that production of only very low levels 
of the soluble, 14.5 kDa zeocin resistance protein has been sufficient to confer resistance 
on the selected clones. Most also produce a full-length (-45 kDa) protein that appears to 
partition into the soluble fraction on cell lysis. While this observation is not necessarily 
consistent with the DNA sequence data from these clones, it may nonetheless warrant 
further investigation for evidence of the production of soluble PRAI-Kvl3 (13a)8-barrel 
fusion partners. 
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Figure 5.37. Anti-(His)6 western blot of soluble cell lysates obtained after overnight growth of selected 
clones in medium containing 100 µg.mr 1 carbenicillin, 500 µg.mr' zeocin and 500 µM IPTG. Lane 1. 
(His)6-tagged glutathione-S-transferase (-100 ng, positive control provided by M. Liddament). Lane 2. 
Prestained Broad Range molecular mass standards. Lanes 3-10. Soluble lysates from clones S2, S7, S8, 
S15, S16, S18, S19 and S20 respectively. A weak signal at -14.5 kDa, corresponding in size to the zeocin 
resistance protein alone, is visible in all lysates except that from clone S8 (lane 5). 
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5.6 Discussion 

5.6.1 tPRAI is a soluble, structured and stable monomer 

Biophysical characterisation of tPRAI, the . (13a) 1_5l36 subdomain of PRAI, has 
demonstrated the remarkable structural plasticity of the (13a)8-barrel architecture. 
Despite deletion of one quarter of the strands that make up the 13-barrel at the core of the 
protein, tPRAI remains amenable to over-expression and purification from the soluble 
fraction on cell lysis. This is in contrast to the autonomously-folding subdomains of 
aTS (Zitzewitz & Matthews, 1999), HisF (Hocker et al., 2001a) and indeed the (13a) 1_6 

subdomain previously identified in yeast PRAI (Eder & Kirschner, 1992), all of which 
were expressed insolubly and required refolding after purification from inclusion bodies 
under denaturing conditions. 

Not only is tPRAI soluble at high concentrations in mild buffer conditions, but far 
UV CD data suggest that it is as structured as wtPRAI on a per residue basis, and 
furthermore that it is almost as thermostable (Figures 5.5 and 5.9). While collecting data 
on the thermal denaturation of tPRAI was fraught with the same difficulties associated 
with aggregation at high temperatures described previously for wtPRAI (Jasanoff 
et al., 1994), it was clear that any difference in the Tin values for the unfolding of the two 
proteins was minimal. Perhaps even more surprisingly, size exclusion chromatography 
demonstrated that tPRAI is predominantly monomeric in solution, although some 
tendency to aggregate over time was also observed (Figure 5 .11 ). 

The implication from the biophysical data is that tPRAI must repack its secondary 
structural elements to shield the hydrophobic surfaces exposed to the solvent by removal 
of two 13-strands, while simultaneously disfavouring the formation of higher order 
multimers or aggregates. While any such rearrangement. must, by necessity, be 
dramatic, the simplest solution may be to adopt the geometry of a six-stranded 13-barrel. 

The parameters governing parallel 13-barrel construction have been considered by 
employing a model in which the line passing through each 13-strand (when viewed in 
equatorial cross section) is fitted to a hyperboloid function (Lasters et al. , 1988). The 
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hyperboloid model was found to fit nine (Ba)s-barrel structures well, and indeed fitted 

PRAI better than the other eight (Ba)8-barrels analysed. It was concluded that the 

critical factors determining B-barrel arrangement were the right-handed twist of the 

B-sheet, which governs both the topology of the B-sheet surface and its stability via 

inter-strand hydrogen bonds, and the requirement to exclude solvent from the interior of 

the barrel, which places constraints on barrel dimensions. The lack of "allowed" 

variability in these parameters was proffered as an explanation for the prevalence of 

eight-stranded B-barrels in known protein structures, as these represent optimal solutions 

to forming a regular hyperboloid from a B-sheet. However, while the analysis suggested 

that the requirement for optimal packing inside the barrel would exclude structures with 

fewer than five or greater than eight B-strands, it was also apparent that a suitable -

albeit non-optimal - hyperboloid could be fitted to a six-stranded B-barrel. Such a 

structure could be optimised by increasing the twist angle between successive B-strands, 

although it is unknown whether the sequence of tPRAI would be amenable to a 

rearrangement of this nature. 

Interestingly, molecular dynamics simulations suggest that the six-stranded 

subdomain of aTS may adopt a closed barrel conformation on the folding pathway of 

the full-length (Ba)8-barrel. Godzik et al. (1992) used lattice mode Monte Carlo 

simulations with a large number of iterations (up to 107
) to predict possible folding 

pathways for aTS. In multiple simulations, a partially non-native conformation 

containing six B strands in a hydrophobic core, with a helices exposed to the solvent, 

was formed after 1-2 x 106 iterations. The authors therefore proposed that the slow step 

in the folding of the whole molecule is the opening of this six-membered barrel to 

incorporate the last two strands, with concomitant repacking of the solvent-exposed 

helices into their native arrangement. In light of the more recent dissection of the aTS 

folding pathway (Bilsel et al., 1999), which suggests that C-terminal residues are also 

important in the early stages of folding, the simulations · may represent an over

simplification. Nonetheless, it is not inconceivable that tPRAI adopts a six-stranded, 

closed B-barrel structure in order to retain secondary structure and to shield the 

remaining hydrophobic residues of the barrel core. 
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It would clearly be of great interest to determine the three-dimensional structure of 
tPRAI, and to this end crystallisation trials have been undertaken. The failure of these 
trials under a broad range of conditions may indicate that tPRAI exists as a molten 
globule in solution, that is, a compact intermediate possessing secondary structure but 
lacking the tight packing of side chains requir.ed in a fully-folded tertiary structure 
(Ptitsyn, 1996). Given the nature of the deletion to generate tPRAI, this would certainly 
not be a surprising discovery. The question could be resolved by using the hydrophobic 
probe 1-anilinonaphthalene-8-sulfonic acid (ANS), which fluoresces strongly at 480 nm 
when bound to non-polar surfaces such as exposed hydrophobic side chains. An absence 
of ANS binding would provide good evidence for the tight packing of a hydrophobic 
core in tPRAI, whereas a strong fluorescent signal would indicate that the subdomain 
exists in a molten globule state that is unlikely to crystallise. 

5.6.2 PRAI-KvS: a leap too far in (Sa)8-barrel evolution? 

The observed autonomy of tPRAI lent considerable credence to the hypothesis that 
diversification of (Ba)s-barrel proteins could have been facilitated throughout evolution 

by combinatorially "mixing and matching" subdomains. It is certainly tempting to 
speculate that at some point in the ancient evolutionary past, mini-genes encoded 
partially-structured, soluble subdomains such as tPRAI, and that the earliest protein 
enzymes were hetero-oligomers in which each constituent subdomain contributed 
residues important for stability, substrate binding or catalysis. While the development of 
these postulates and theories is the subject of Chapter 6, in this chapter I have attempted 
to provide experimental evidence in support of the notion that subdomain shuffling 
could generate novel, folded (~a)8-barrel structures. 

K v~ was selected as the donor of a second subdomain to complement tPRAI and 
to reconstitute a complete (~a )8-barrel. Neither an enzy'matic function nor any 
information on the folding and stability of this rat protein are known. Engineering a 
soluble PRAI-Kv~ fusion protein, then, was never going to be trivial, although success 

would demonstrate indisputably the extreme structural plasticity of the (~a)8-barrel 
architecture . In the event, the rationally-designed fusion protein was found to be 
insoluble on induction of expression. However, purification under denaturing conditions 

, 11 
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could be followed by refolding to an apparently soluble state while the protein remained 
bound to the TALON metal affinity chromatography resin. The rationale here was that 
immobilisation via their (His)6-tags would keep individual molecules of PRAI-KvB 
sufficiently separated in space that on removing guanidinium hydrochloride, aggregation 
would be prevented and folding would instead be favoured. 

PRAI-KvB that was eluted from the TALON resin appeared to have been refolded 
successfully, however removing imidazole from the eluant caused immediate 
precipitation of the protein. It appears, then, that imidazole played some critical role in 
stabilising the marginally-soluble fusion protein; a similar requirement has occasionally 
been observed in preparing concentrated stocks of unrelated proteins for crystallisation 
(M. Symmons, personal communication). It is possible that, akin to the action of the 
non-detergent sulfobetaines, the hydrophilic nature of imidazole might help to drive the 
exclusion of solvent and the formation of a hydrophobic core. In the case of PRAI-KvB 
this might in turn alleviate the need to form a single, tightly packed hydrophobic core by 
modulating an otherwise strong tendency towards aggregation through exposed 
hydrophobic residues. 

The apparent solubility of PRAI-K vB in imidazole-containing buffers hinted that it 
was indeed possible to create a well-folded (Ba)8-barrel from the two distantly-related 
subdomains. While the protein remains wholly insoluble in vivo, it may yet be amenable 
to a new in vitro refolding strategy, perhaps employing non-detergent sulfobetaines 
and/or high salt buffer conditions in place of imidazole. Alternatively the selected 
crossover point, at the end of PRAI loop 6, might not be optimal for generating a soluble 
fusion protein. An interesting experiment to address the choice of crossover location 
would be to use the method of incremental truncation (Lutz et al., 2001) to generate a 
library of PRAI-KvB variants spliced at all possible positions. Provided only full-length, 
282-residue proteins were considered (i . e. the range of crossover points was chosen to 
guarantee inclusion of the K vB loop 7 insertion), the diversity in such a library would be 
sufficiently low to enable clones to be screened individually. 

'I 
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5.6.3 In vivo selection for folding: too powerful to be useful? 

The work described early in this chapter comprised the first rational attempt to make the 
evolutionary leap from bacterial enzyme and vertebrate protein to a single, folded 
(f3a)8-barrel. The weight of evidence suggested that this attempt had fallen short of the 
mark, albeit by the smallest of margins. A directed evolution approach therefore seemed 
to be the logical next step in determining whether a handful of mutations would allow 
the PRAI-Kvf3 fusion protein to assume a compact (f3a)8-barrel architecture. Further, by 

considering the theoretical aspects of epPCR library design (sections 3.2.2 and 3.3), it 
proved possible to derive conditions in which sequence diversity was maximised by 
manipulating the mutation rate and by minimising biases in nucleotide misincorporation. 
Almost every sequence in the epPCR library was consequently predicted to be a unique 
variant (i.e. completeness, C:::::: 3.6 x 106

, was close to total library size, L = 3.8 x 106
), 

indicating a library of maximum potential utility. 

Given the intention to make libraries that were as large as possible, a selection for 
improved folding seemed far preferable to a screen. The zeocin resistance protein was 
investigated as a novel folding marker, and it was subsequently adopted for the library 
selections. Selection based on PKZ solubility was tuneable: in the absence of IPTG, 
even the parental clone pWPl 11 could confer the resistance phenotype on transformed 
cells. It was not anticipated that this would be problematic; rather the observed 
resistance was interpreted as providing further circumstantial evidence that PRAI-Kvf3 
was soluble at low intracellular concentrations and that it might therefore be amenable to 
improvement on randomisation. On analysing variants selected from both the K224X 
mini-library and the larger epPCR/StEP library, however, it became apparent that 
potential bona fide positives were being obscured by the high incidence of false positive 
clones. A K224A-PKZ variant was evidently selected from the first library not on the 
basis of improved fusion protein solubility, but instead ~ecause of accumulated 
mutations (presumably in the trc promoter region, although these have not been 
characterised) conferring resistance to IPTG-induced over-expression: while the 
apparent solubilities and partial CD spectra of PKZ and K224A-PKZ were 
indistinguishable (Figure 5.3 0 and 5.31), yields of the latter were consistently and 
considerably lower than for PKZ expressed in parallel (Figure 5.28). 
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A round of in vitro recombination on the clones selected from the epPCR library 
was followed by plating the new library under high-stringency selection conditions 
(500 µg.mr 1 zeocin and 500 µM IPTG). While this was expected to reduce the false 
positive rate, it resulted instead in the identification of a number of clones which 
displayed sequence heterogeneity but which had converged to a common mechanism of 
selectability: premature truncation of PKZ mediated by one of three point substitutions, 
followed by re-initiation of translation to produce the soluble zeocin resistance protein. 
The ability to propagate a mechanism for false positives to arise was an unfortunate 
consequence of employing an in vitro recombination strategy, however it remains 
possible that at least one of the 171 unanalysed, selected clones is a true positive. 
Moreover, the results presented here provide a dramatic demonstration of the power of 
in viva selection: in the face of high-stringency, life-or-death selection, the host 
bacterium will employ any means necessary to survive, including forced re-initiation of 
translation at TTG codons. This point is further emphasised by the large number of 
rearrangements observed in the plasmid DNA of zeocin-resistant clones selected 
throughout this study. It is extraordinarily unlikely that these could have arisen in the 
PCR and molecular biology steps of plasmid construction; they must instead have 
resulted from intracellular recombination in response to severe selection pressure. 

At the outset, it was hypothesised that access to larger libraries would make a 
selection for improved PRAI-Kvf3 solubility preferable to a screen. As we have seen, 
however, indirect selection based on a fusion partner acting as a folding reporter is liable 
to produce false positives, in strict agreement the maxim-cum-mantra that "you get what 
you select for". An exciting way forward is the application of fluorescence activated 
cell sorting (F ACS) for rapid, very high throughput screening of large libraries in which 
a fluorescent protein .such as GFP is used as the folding marker. State-of-the-art flow 
cytometers can interrogate and sort up to 50 OOO cells per second, which - theoretically 
at least - allows exhaustive screening of libraries of up to .109 variants, a number far 
greater than that which could be assessed using plate-based screens for fluorescence 
such as the original GFP system described by Waldo et al. (1999). 

In addition to GFP, a number of other intrinsically fluorescent proteins have been 
investigated for use as genetically encoded indicators of gene expression and protein 
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localisation. Blue, cyan and yellow variants of GFP have been described (reviewed in 
Zhang et al., 2002a), and a monomeric variant of the Discosoma red fluorescent protein 
(DsRed, an obligate tetramer) has recently been engineered by a combination of rational 
and random approaches (Campbell et al., 2002). Each of these proteins could find 
application as a marker of folding, and they .provide a range of alternatives for 
optimising the use of F ACS to sort large, random libraries based on observed 
fluorescence. 

Perhaps the most promising method of all for engineering proteins with improved 
folding and solubility has recently been described by Philipps et al. (2003) . In their 
approach, a ternary fusion protein in which the blue fluorescent protein (BFP) and GFP 
are fused to the termini of the protein of interest (X) is expressed in the cytoplasm of 
E. col i. Only the formation of tertiary structure by protein X brings BFP and GFP into 
sufficient proximity to effect fluorescence resonance energy transfer (FRET) from GFP 
to BFP; unfolding or proteolysis of protein X abolishes the signal (Figure 5 .38). FRET 
can then be detected and quantified using FACS. This strategy holds a number of 
apparent advantages for engineering folded PRAI-KvB fusion proteins. Like the zeocin 
resistance system employed in this chapter, it relies on protein folding in an intracellular 
environment, however unlike the zeocin approach, expression of fusion proteins 
truncated at either terminus would result in a negative phenotype. A well-folded 
(Ba)8-barrel has its termini in close proximity, which would ensure a maximal FRET 
signal for an improved PRAI-KvB clone. Further, because library members are subject 
to a screen rather than a selection, it would become possible to identify a range of 
variants that differ in their folding and solubility profiles. Such a system could be 
sensitised for expression of low levels of the soluble fusion protein by employing a more 
sensitive FRET pair than GFP/BFP; this is where the newly-engineered monomeric 
DsRed variant described above may come into its own. All things considered, then, the 
life-or-death selection described in this chapter has proven too powerful to control, 
however recent advances in high throughput screening and the use of fluorescent protein 
markers suggest that a supenor system may yet yield a well-fo lded PRAI-KvB 
(Ba)s-barrel. 
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Figure 5.38. A new and promising high-throughput screen for protein folding and stability, based on 
expression of the protein of interest (X) fused to both BFP (represented as a blue circle) and GFP (green 
circle). (A) Because of the strong dependence of FRET on distance between the fluorescence donor and 
acceptor, FRET from BFP to GFP is only observed when protein X folds and brings them into proximity. 
(B) The FRET signal is lost if protein X is unfolded; or (C) degraded by cellular proteases. Figure adapted 
from Philipps et al. (2003). 

5.6.4 A novel mechanism for (j3a)8-barrel evolution ... or not? 

It has not yet proven possible to isolate a PRAI-KvB fusion protein with any more than 

partial solubility and some evidence of secondary structure in imidazole-containing 
buffers. It therefore remains open to debate whether or not the evolution of (Ba)8-barrel 

proteins has involved subdomain shuffling. Certainly, the present-day existence of a 
subdomain as stable as tPRAI argues in favour of the hypothesis that it has. The 
robustness of .the PRAI architecture was further demonstrated when circular 
permutations with new termini introduced in either the B6a6 loop or the a6B7 loop gave 

rise to folded (and in the case of the latter, fully active) variants (Luger et al., 1989). 
This plasticity of the PRAI (Ba)8-barrel could not be extended as far as wholesale 

incorporation of an evolutionarily distant subdomain here, however, perhaps implying 
that a mix-and-match mechanism for (Ba)s-barrel assembly was unlikely to have ever 

yielded functional variants. Nonetheless, when other lines of evidence from the world of 
(Ba)8-barrels are considered (section 6.3), the assertion that subdomains of PRAI and 

KvB are sufficiently autonomous to reconstitute a folded (Ba)8-barrel with a minimal set 

of point mutations, but that the selection strategy employed here was sufficiently 
problematic that it precluded the identification and isolation of such a (Ba)8-barrel, 

remains compelling. 



Chapter 5: Subdomain shuffling in ({3a) 8-barrel evolution 196 

In hindsight, a less ambitious design objective may have proven propitious. An 
obvious target would be IGPS, the (Ba)8-barrel that catalyses the step following PRA 
isomerisation in tryptophan biosynthesis. It too has been proposed to possess a (Ba)1-sB6 
subdomain (Sanchez del Pino & Fersht, 1997; Forsyth & Matthews, 2002), and is the 
closest structural homologue to PRAI in the databases. PRAI-IGPS and IGPS-PRAI 
(Ba)8-barrels resulting from subdomain fusion would therefore be expected to be stable; 
this assertion could be readily validated experimentally by implementing one of the cell 
fluorescence-based screens described in the previous section. 

In addition to elucidating their past evolution, this study also set out to address the 
utility of (Ba)8-barrel proteins, and PRAI in particular, as scaffolds on which to engineer 
new catalytic functions by rational design and random mutagenesis. A novel approach 
to increase combinatorially the sequence space sampled in a design experiment would be 
to recombine libraries encoding partly stable, proto-functional subdomains defined by 
consideration of the structures and folding mechanisms of the parental (Ba)8-barrel(s). 
The example arising from the present study would be to engineer a PRAI-KvB fusion 
which retained both the active site architecture of PRAI, and also the NADPH-binding 
capability of K vB. Since the cofactor can in principle direct catalysis in isolation, this 
might offer a route to engineering substrate specificity through protein subdomain 
assenbly . Similar strategies have been investigated for a number of non-(Ba)8-barrel 
proteins, including the proteases trypsin and factor Xa (Hopfner et al., 1998), antibodies 
(Sblattero & Bradbury, 2000), and two distantly-related members of DNA polymerase 
family X (O'Maille et al., 2002), suggesting that the approach merits consideration for 
the redesign of the best catalysts of them all, the (Ba)8-barrels. 
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s. 7 Materials and Methods 

5. 7 .1 Materials 

5.7.1.1 Chemicals 

In addition to the chemicals listed in sections 2.4.1.1 and 4.8.1.1, the following have 
been used over the course of the work described in this chapter. Zeocin was from 
Invitrogen. 100 bp and 2-log DNA Ladders were from New England Biolabs. 
Magnesium chloride for PCR was from Qiagen. Guanidinium hydrochloride, 
manganese chloride for PCR and NADPH were from Sigma Chemical Company. All 
other chemicals used were analytical grade. 

5.7.1.2 Enzymes and antibodies 

Monoclonal anti-polyhistidine (clone His-1) was from Sigma Chemical Company. 
Mutazyme DNA polymerase was from Stratagene. All other enzymes used were as 
listed in section 4.8.1.2. 

5.7.1.3 Plasmids used in this study 

Plasmid 
pMD-Kv~ 

pMS401 

pPICZ-A 

pWP107 

5.7.1.4 

Plasmid 
pWP107His 
pWPllO 
pWPllOa 
PWPl 11 

Description 
Derivative of pQE-30 (Qiagen) for expression of the rat 
Kv~ subunit. 
pJB 122 derivative carrying trpF ( encoding wtPRAJ) in 
place ofIGPS-AD. 
Pichia pastoris expression vector; carries the Sh ble marker 
for zeocin resistance. 
pMS401 derivative encoding tPRAI. 

Plasmids constructed in this study 

Description 

Reference 
D.J. Hart, personal 
communication. 
M. Samaddar, personal 
communication. 
Invitrogen. 

This study (section 4.6. l ). 

pWP107 with the FLAG epitope at the 3' terminus oftPRAI replaced with a (His)6-tag. 
pMS401 derivative containing the gene for PRAI-Kv~ in place ofwtPRAI · 
pWPl 10 with Dam methylation site removed to enable restriction with BspEI. 
pMS401 derivative encoding okz in place of wtPRAI. 

I I 
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5. 7 Materials and Methods 

5. 7 .1 Materials 

5.7.1.1 Chemicals 

In addition to the chemicals listed in sections 2.4.1.1 and 4.8.1.1, the following have 

been used over the course of the work described in this chapter. Zeocin was from 

Invitrogen. 100 bp and 2-log DNA Ladders were from New England Biolabs. 

Magnesium chloride for PCR was from Qiagen. Guanidinium hydrochloride, 

manganese chloride for PCR and NADPH were from Sigma Chemical Company. All 

other chemicals used were analytical grade. 

5.7.1.2 Enzymes and antibodies 

Monoclonal anti-polyhistidine (clone His-1) was from Sigma Chemical Company. 

Mutazyme DNA polymerase was from Stratagene. All other enzymes used were as 

listed in section 4.8.1.2. 

5.7.1.3 Plasmids used in this study 

Plasmid 
pMD-Kv~ 

pMS401 

pPICZ-A 

pWPI07 

5.7.1.4 

Plasmid 
pWP107His 
pWPl 10 
pWPl 10a 
pWPl 11 

Description 
Derivative of pQE-30 (Qiagen) for expression of the rat 
K v~ subunit. 
pJB 122 derivative carrying trpF (encoding wtPRAI) in 
place oflGPS-AD. 
Pichia pastoris expression vector; carries the Sh ble marker 
for zeocin resistance. 
pMS40 I derivative encoding tPRAI. 

Plasmids constructed in this study 

Description 

Reference 
D .J. Hart, personal 
communication. 
M. Samaddar, personal 
communication. 
fnvitrogen. 

This study (section 4.6.1). 

pWP107 with the FLAG epitope at the 3' terminus oftPRAl replaced with a (His)6-tag. 
pMS401 derivative containing the gene for PRAl-Kv~ in place ofwtPRAI · 
p WPl 10 with Dam methylation site removed to enable restriction with BspEI. 
pMS401 derivative encodingpkz in place ofwtPRAI. 
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5.7.1.5 PCR and sequencing primers 

Primer Sequence (5' ~ 3') 
epPCR.for GAT TAA ATA AGG AGG AAT AAA CCA TG 
epPCR.rev GAT GGT GAT GGT GAT GTC CGG A 
1(224.Rand .for GCG GGC AAC GTC AGA GGG AGN NSG TAG AGG TCC AGC TG 
K224.Rand .rev CTC CCT CTG ACG TTG CCC GC 
Kv~.for GCG GGC AAC GTC AGA GGG AGA AGG TAG AGG 
Kv~.rev GAT CGA TCA AGC TTA TTA GTG ATG GTG ATG GTG ATG TCC GGA 

TCT ATA GTC CTT TTT GCT G 
Kv~.rev.2 GAT CGA TCA AGC TTA TTA GTG ATG GTG ATG GTG ATG TCC GGA 

CCT ATA GTC CTT TTT GCT G 
Laap6.rev CCT TCT CCC TCT GAC GTT GCC CGC TTC CAC C 
Nca.for ACG TAC GTC CAT GGG TGA GAA TAA AGT ATG TG 
PCE820.for TGT GTG GAA TTG TGA GC 
PCE.seq GCC GCC AGG CAA ATT CTG 
tPRAI.His.rev CTA GCT AGA AGC TTA ATG GTG GTG GTG ATG ATG GGA TCC CGC 

TCC ACC CTG GCC 
Zea.for GGA CTA TAG ATC CGG AGG TTC GGC CAA GTT GAC CAG TGC CGT 

TCC 
Zea.rev GAT CGA TCA AGC TTA TTA GTG ATG GTG ATG GTG ATG TCC GTC 

CTG CTC CTC GGC CAC GAA GTG 

5. 7 .1.6 Miscellaneous 

E. coli XLl-Blue was described in section 2.4.1.3. Unless otherwise stated, 
miscellaneous materials and equipment were as listed in sections 2.4.1.6 and 4.8.1.6. 
Spectra/Por dialysis tubing (10 kDa molecular weight cut-off) was from Spectrum 
Laboratories. Size exclusion chromatography was carried out on an .Akta FPLC system 
with P-920 pump, UPC-900 monitor and the Unicorn control system (all Amersham 
Pharmacia Biotech); molecular mass calibration was with the MW-GF-200 kit and 
myoglobin, both from Sigma Chemical Company. Clear, 24-well plates and 
CrystalClene™ cover-slips for crystallisation trials were from Molecular Dimensions 
Limited. Cover-slips were sealed in place using high vacuum grease from Dow 
Corning. 
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5.7.2 Methods 

5. 7 .2.1 General 

Unless otherwise stated below, all general microbiology and molecular biology methods 
were as described in the following sections: 2.4.2.1-2.4.2.6; 2.4.2 .9; 4.8.2.2-4.8.2.3; and 
4.8.2.6. 

5.7.2.2 PCR methods for plasmid construction 

Replacement of the tPRAI Affinity Tag 

Sequence encoding the FLAG epitope of tPRAI in pWP107 was replaced with a 
(His)6-tag sequence in pWP107His. This was effected by amplification of 10 ng 
pWP107 DNA with primers Nco.for and tPRAI.His.rev (both 400 nM) in a 50 µl 
reaction containing 2.5 U Pwo polymerase, 500 µM dNTPs and 5% (v/v) DMSO in 
lx Pwo buffer with added MgCb (2 mM). Thermocycling was carried out in a PTC-200 
instrument (MJ Research, Inc.) with the programme 94°C, 2 min; 30 cycles (94°C, 30 s; 
42°C, 45 s; 72°C, 75 s); 72°C, 5 min. 

Construction of the PRAI-Kvj3 Insert for pWPllO 

The PRAI and K vj3 subdomains were fused genetically using overlap extension PCR. 
The PRAI primary reaction involved amplification of 10 ng pMS401 DNA with primers 
Nco.for and Loop6.rev; for Kvj3 the template was pMD-Kvj3 and the primers were 
Kvj3.for and Kvj3.rev. Each 50 µl reaction contained 2.5 U Pwo polymerase, 400 nM 
each primer, 250 µM dNTPs and 5% (v/v) DMSO in lx Pwo buffer with MgCb. 
Amplication was in a_ Perkin-Elmer GeneAmp 9700 thermocycler, according to the 
programme 94°C, 2 min; 30 cycles (94°C, 30 s; 55°C, 45 s; 72°C, 75 s); 72°C, 5 min. 
Sterile unwound paper clips were used to transfer primary products directly from an 
agarose gel (2%, w/v) to the assembly reaction mixture. This contained the same 
components to the primary reactions, except the primers used were Nco.for and Kvj3.rev 
(both 400 nM) and plasmid DNA was omitted. Thermocycling was under identical 
conditions to the primary reactions. 
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Site-Directed Mutagenesis to Construct pWPllOa 

To remove the Dam methylation site overlapping with the BspEI restriction site in 
pWPl 10, 20 ng plasmid DNA was amplified with primers Nco.for and Kv~.rev.2 (both 
400 nM) in a 100 µl reaction with identical components and thermocycling conditions to 
those described above for the primary reactions in the construction of pWPl 10. 

Amplification of Sit hie for Assembly of pkz and Construction of pWPlll 
Primers Zeo.for and Zeo.rev (both 400 nM) were used to amplify the Sh ble gene for 
zeocin resistance from 40 ng pPICZ-A DNA in a 200 µl reaction under conditions 
otherwise identical to those described for the p WP 110 primary reactions. 

5.7.2.3 Biophysical characterisation of tPRAI 

Far UV CD: Wavelength Scan 

The far UV circular dichroism spectrum of tPRAI was measured to compare with those 
of wtPRAI and FLAG-PRAI. Protein was prepared as described in section 4.8.2.5 and 
CD was carried out as described in section 4.8.2.9, except that the final concentration of 
purified tPRAI in CD buffer was 40 µM. Data were converted to mean residue 
ellipticity, [8]mnv, using equation 5 (section 4.8.2.9); n = 141 for tPRAI. 

Expression and Purification of tPRAIHis 

The (His)6-tagged tPRAI variant was over-expressed and purified from mid-log phase 
cultures of E.coli XLl-Blue as described in section 4.8.2.5. 

Far UV CD: Thermal Denaturation 

VivaSpin centrifugal . ultrafiltration devices (Vivascience) were used to exchange 
purified wtPRAI and tPRAIHis (both 40 µM) into CD buffer as described previously 
(section 4.8.2.9) . The spectrometer and cuvette used were the same as those employed 
previously. Spectra were recorded for two independent samples of each protein, at a 
fixed wavelength of 215 nm and over the temperature range 4 °C-80°C, at 2°C intervals. 
The equilibration time at each temperature was 6 s, the reading time was 1 s and the 
temperature deadband was 0.1 °C. A buffer-only control was also analysed and found to 
give a temperature-independent signal of -1.06 mdeg. This constant baseline value was 
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therefore subtracted off the wtPRAI and tPRAIHis signals before their conversion to 
mean residue ellipticity according to equation 5 (section 4.8.2.9; n = 207 for wtPRAI 
and n = 141 for tPRAIHis). 

Size Exclusion Chromatography 

The oligomeric state of purified tPRAIHis was determined by gel filtration analysis with 
an Amersham Pharmacia Biotech Superdex 75 HR 10/30 column (pre-packed, 24 ml bed 
volume), at room temperature. The column was equilibrated with at least three column 
volumes of TBS-D (20 mM Tris-HCl, 100 mM NaCl, lmM DTT, pH 7.5) before use. 
Size calibration was by running 100 µl aliquots of the standards of the MW-GF-200 kit 
and of 0.5 mg.mr 1 myoglobin at a constant flow rate of 0.5 ml.min- 1

• Elution volumes 
(Ve) ranged from 8.09 ml for blue dextran (Mr ::::: 2 x 106

, used to determine the void 

volume Vo of the column) to 13.24 ml for cytochrome c (M,.::::: 12 400). The other 
standards used and that were within the resolution range of the column 
(i.e. 3000 < M,. < 70 OOO) were: myoglobin (M,. ::::: 16 900); carbonic anhydrase 
(M,. ::::: 29 OOO) and BSA (Mr ::::: 66 OOO). Plotting the ratio v(v

0 
against the logarithm 

(base 10) of molecular mass for each standard generated a linear standard curve. A 
50 µl aliquot of purified tPRAIHis (-3 mg.mf 1

, in TBS-D) was loaded onto the column 

and subjected to a flow rate of 0.5 ml.min- 1
• The major peak eluted at Ve= 11.87 ml 

(Figure 5.11); interpolation on the standard curve therefore allowed its molecular mass 
and oligomeric state to be estimated. 

Crystallisation Trials 

Purified tPRAIHis was passed over the Superdex 75 column as described above, and the 
protein-containing peak eluting at -11 .9 ml was collected as 0.5 ml fractions. The 

fractions were pooled and concentrated to -4 mg.mr 1 (as judged by SDS-PAGE and the 

Bio-Rad Protein Assay) in a final volume of 300 µl TBS. The purified protein was used 
to establish crystallisation trials at l 9°C, employing the hanging· drop method of vapour 

diffusion. The 120 conditions tested were: the Crystal Screen from Hampton Research 
(conditions 25 and 27 omitted to give 48 wells) ; the Ammonium Sulfate Grid Screen 
(Hampton Research, 24 wells); the Sodium Malonate Grid Screen (Hampton Research; 
24 wells) ; and the Clear Strategy Screen 1 (Molecular Dimensions Limited) using 
solutions 1-24 with buffer 3 (sodium cacodylate, pH 6.5). Each well contained 1 ml of 
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the appropriate reservoir solution and DTT was added to a final concentration of 5 mM 
in all wells except those containing cacodylate. Hanging drops contained 1 µl tPRAIHis 
solution and 0.33 µl reservoir. 

5.7.2.4 (His)s-tag purification and refolding of PRAI-KvB and PKZ 

The PRAI-KvB, PKZ and K224A-PKZ fusion proteins were purified from inclusion 
bodies under denaturing conditions. IPTG-induced expression and cell lysis by 
sonication were exactly as described for soluble proteins (section 4.8.2.5), except that 
Column Buffer (CB) for pellet resuspension and all further steps consisted of Tris-HCl 
(20 mM, pH 7.5) and NaCl (100 mM). After fractionation into soluble and insoluble 
homogenates, the inclusion body pellet was resuspended in 8 ml CB containing 6.0 M 
guanidinium hydrochloride (CB-GuCl). This solution was in turn used to resuspend 
TALON resin (1 ml bed volume) that had been equilibrated in CB-Gu Cl, as described 
for purification under non-denaturing conditions (section 4.8.2 .5). (His)6-tagged 
proteins were adsorbed to the IMAC resin by incubation at room temperature with gentle 
rocking for 45-60 min. The resin was pelleted at 1000 g for 2 min, then washed twice 
with 10 ml CB-GuCl. Next, the resin was resuspended by addition of 1 ml CB-GuCl 
and the slurry was transferred to a 5 ml disposable gravity column (Clontech). The 
column was washed with 2 x 4 ml CB-GuCl, then with 4 ml CB-GuCl containing 

10 mM imidazole. The GuCl concentration was then stepped down to allow on-column 
refolding of the adsorbed fusion proteins; all washes from this stage onwards also 
contained NADPH (10 µM) to aid the refolding process. The refolding washes were: 
3 ml CB containing 3.0 M GuCl and NADPH; 3 ml CB containing 1.0 M GuCl and 
NADPH; and 3 ml CB containing NADPH. Bound protein was eluted in non-denaturing 
conditions by washing in 4 ml CB containing NADPH and 100 mM imidazole. The 
eluant was collected as 0.5 ml or 1.0 ml fractions and yield was assessed using the 
Protein Assay dye reagent as described (section 4.8.2.5). 
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5.7.2.5 Detection of (His)s-tagged proteins by western blotting 

Anti-(His)6 western blots were carried out in an identical fashion to anti-FLAG western 
blots (section 4.8.2.7) except that monoclonal anti-polyhistidine was used at a dilution of 
1 in 2000 and the anti-mouse IgG peroxidase conjugate was used at 1 in 1500. 

5.7.2.6 Construction of the K224X mini-library 

Overlap Extension PCR 

The codon for residue Lys224 in PKZ was randomised by overlap extension PCR using 
primer pairs epPCR.for/K224.Rand.rev and K224.Rand.for/epPCR.rev in the primary 
amplifications. Each 100 µl reaction contained 5 U Pwo polymerase, 400 nM each 
primer, 250 µM dNTPs, 5% (v/v) DMSO and 20 ng template DNA (pWPl lOa), and was 
carried out in lx Pwo buffer with added MgCh (2 mM). Thermocycling was carried out 
in a PTC-100 instrument (MJ Research, Inc.) with the programme 94°C, 2 min; 
25 cycles (94°C, 30 s; 55°C, 45 s; 72°C, 45 s); 72°C, 5 min. Primary products were 
pooled at an equimolar ratio and assembled into full-length pkz in a 100 µl reaction 
identical to the primary amplification except with the omission of primers and pWPl lOa 
DNA. The PCR programme was also the same as for the primary reaction, except only 
12 cycles were carried out. The PCR products were fractionated by electrophoresis, and 
the band corresponding to the assembled product was excised and recovered using the 
QIAquick Gel Extraction Kit. It was subsequently re-amplified in two 100 µl reactions, 
each similar to the primary PCR except that the primer pair Nco.for/Kv~.rev.2 and 
30 cycles of amplification were employed. 

Ligation, Transforma_tion and Selection 

Approximately 1 µg of the gel-purified K224X fragment and 1 µg p WPl 11 DNA were 
restricted with Neal and BspEI (20 U of each per reaction, 6 h incubations), the vector 
was treated with shrimp alkaline phosphatase and both vector and insert fragments were 
re-purified from an agarose gel using the QIAquick Gel Extraction Kit. Ligation of 
300 ng vector backbone and 170 ng K224X insert (1 :3 molar ratio) was performed at 
21 °C for 20 min using the Rapid Ligation Kit. Ligated products were desalted with the 
QIAquick PCR Purification Kit and used to transform five aliquots of E. coli XL 1-Blue 
eletrocompetent cells. For selection based on the expression of soluble PKZ variants, 
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the library was plated on one 243 mm x 243 mm low salt LB plate containing 

carbenicillin (100 µg.mr1), zeocin (5 µg.mr 1
) and IPTG (500 µM), and incubated in the 

dark (zeocin is light-sensitive) at 30°C for 30 h. 

Low salt LB medium: High ionic strength inhibits the activity of zeocin. All bacterial 

growth in the presence of this antibiotic was therefore in modified LB medium 

consisting of tryptone (1 %, w/v), yeast extract (0.5%, w/v) and NaCl (0.5%, w/v) with 

the pH adjusted to 7.5 by addition of NaOH (1 M). For growth on solid medium, agar 

was added to 1.5% (w/v). 

5.7.2.7 PCR screen of clones selected from the K224X library 

Selected clones were screened for the presence of a pkz-sized insert using PCR in 

essentially the same manner as described previously (section 4.8.2.4). The only 

differences in the protocol employed here were: (i) colonies were picked into 50 µl 

sterile water, then 1 µl of this cell suspension was used as the PCR template; (ii) each 

reaction was carried out in a final volume of 10 µl , with primers Nco.for and Zeo.rev 

(both 400 nM); and (iii) thermocycling was in a Perkin-Elmer GeneAmp 9700 according 

to the programme 94°C, 5 min; 25 cycles (94°C, 30 s; 60°C, 45 s; 72°C, 105 s); 72°C, 

5 min. Products were visualised on a 1 % (w/v) agarose gel. 

5.7.2.8 Far UV CD of PKZ and K224A-PKZ 

PKZ and K224A-PKZ were purified by IMAC and eluted from the TALON resin in CB 

containing 10 µM NADPH and 100 mM imidazole (section 5.7.2.4). While the eluted 
proteins appeared to ·be soluble, dialysis at 4°C against a 1000-fold excess of CB 

containing NADPH (10 µM) and imidazole at any concentration less than 50 mM 

usually (though not reproducibly) led to their rapid precipitation, making further 

characterisation impossible. Moreover, the fusion proteins could not be concentrated by 

centrifugal ultrafiltration, apparently adsorbing to the polyethersulfone membrane under 

the moderate centrifugal force ( 4000 g) applied. Nonetheless, it did prove possible to 

obtain partial far UV CD spectra on both PKZ and K224A-PKZ, using a protocol 

modified from that described previously (section 4.8 .2.9). After dialysis against CB 

I' 
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containing NADPH (10 µM) and imidazole (50 mM), the concentrations of PKZ and 
K224A-PKZ were determined to be 2.9 µM and 2.0 µM respectively by the Bio-Rad 
Protein Assay. These low concentrations dramatically decreased the signal-to-noise 
ratio with the cuvette used previously (0.2 mm pathlength). However, the imidazole
containing buffer used here was highly absorbent at far UV wavelengths, so it was 
desirable to keep the pathlength as low as possible in order to maximise the wavelength 
range over which a CD signal could be recorded. A variety of trials with buffer alone 
suggested that a 0.5 mm demountable quartz cuvette (Aviv Instruments, Inc.) would 
allow spectra to be generated over the range 260-220 nm. Spectra for PKZ, K224A
PKZ and wtPRAI (expressed and purified as described in section 4.8.2.5) were 
consequently recorded using this cuvette at 25°C on the Aviv Model 215 spectrometer. 
The protein-containing samples were scanned six times each over the range 260-220 nm, 
at 1 nm increments, with an equilibration time of 0.33 s and a measuring time of 1 s at 
each wavelength. Subtraction of the buffer-only baseline and conversion to mean 
residue ellipticity were as described in section 4.8.2.9 (in applying equation 5, n = 415 
for both PKZ and K224A-PKZ). 

5.7.2.9 Construction of the epPCR pkz library 

Conditions for epPCR 

In constructing a relatively unbiased epPCR library of pkz variants, a number of 
combinations of sequential amplifications with Taq and Mutazyme polymerases were 
trialled. Unless otherwise stated, the following reaction conditions and thermocycler 
programmes were employed. (i) Mutazyme reactions were carried out according to the 
manufacturer's instructions, i.e. a 50 µl reaction contained 2.5 U Mutazyme, 0.2 mM 
dNTPs, 400 nM each primer (epPCR.for and epPCR.rev) and suitable template DNA in 
Ix Mutazyme reaction buffer. (ii) PCR with Taq employed the protocol of Cadwell and 
Joyce (1992). Each 50 µl reaction contained 5 U Taq polymerase, dATP and dGTP at 
0.2 mM, dCTP and dTTP at 1.0 mM, 400 nM each primer ( epPCR.for and epPCR.rev), 
0.5 mM MnCh and template DNA in Ix Taq buffer supplemented with MgCh to a final 
concentration of 7 mM. (iii) Thermocycling was carried out in a GeneAmp 9700 
(Perkin-Elmer), according to the programme 94°C, 2 min; x cycles (94°C, 30 s; 55°C, 
45 s; 72°C, 1 min); 72°C, 5 min. 
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Test Libraries 1 and 2 

The first trial library employed the conditions described above, with pnmary 
amplification of either 25 ng p WP 11 Oa using M utazyme (x = 15 cycles) or 10 ng 
p WP 11 Oa with Taq (x = 15). The products from these reactions were purified using the 
QIAquick PCR Purification Kit and -30 ng of each was used as the template for 
amplification with the second polymerase, according to the conditions above. The 
doubly-amplified products were purified with the QIAquick PCR Purification Kit and 
500 ng of each was restricted with Ncol and BspEI (20 U each; 3 h digestion) for 
ligating into pWPl 11 as described (section 4.8.2.3). Single aliquots of E. coli XLl -Blue 
were transformed by the desalted products of each ligation and the composition of the 
library was assessed by plating on LB-carbenicillin medium. For the second test library, 
250 pg pWPl lOa DNA was amplified with Mutazyme (x = 18 cycles), the product was 
purified with the QIAquick PCR Purification Kit, and 40 ng was used as the template for 
further amplification with Taq (2 x 50 µl reactions, MnCh concentration reduced to 
0.25 mM, x = 12). The randomised pkz insert was cloned as described for the first test 
library. 

Construction of a Large epPCR Library 

The template used for construction of the epPCR pkz library was the PCR product 
encoding K224X-PKZ (refer section 5.7.2.6). A total of 100 pg was amplified with 
Mutazyme in 2 x 50 µl reactions (x = 20 cycles). The product was purified with the 
QIAquick PCR Purification Kit and 130 ng was used as the template for amplification 
with Taq (8 x 50 µl reactions, 0.25 mM MnCh, x = 10). The secondary product was 
purified with the QIAquick PCR Purification Kit, and both it and pWPl 11 were 
restricted with NcoI and BspEI (20 U each enzyme per reaction; 17 h digestion). The 
vector was also treated -with shrimp alkaline phosphatase. Vector backbone and pkz 
insert fragments were fractionated on a 1 % (w/v) agarose gel and purified using the 
QIAquick Gel Extraction Kit. Approximately 11 µg vector, and 6 µg insert DNA 
(1 :3 molar ratio) were ligated at 21 °C for 110 min using the Rapid DNA Ligation Kit. A 
vector-only control was also included. The products were desalted with the QIAquick 
PCR Purification Kit and used to transform 29 aliquots of E. coli XL I-Blue cells . 
Dilutions were plated on LB-carbenicillin to allow the library size and the vector-only 
background to be estimated. Selection was by plating the remainder of the library on 
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one 243 mm x 243 mm low salt LB plate containing carbenicillin (100 µg .mr1), zeocin 

(100 µg.mr') and IPTG (500 µM) , followed by incubation in darkness at 30°C for 30 h. 

5.7.2.10 StEP PCR 

Plasmid DNA from clones selected from the epPCR pkz library was recovered by 

scraping the plate surface in 15 ml LB-carbenicillin and using the QIAprep Spin 

Miniprep kit (Qiagen) for cell lysis and DNA purification. The pkz gene was amplified 

from the heterogeneous mixture of plasmid DNA (-500 ng total) in a 200 µl PCR 

containing 5 U Pwo polymerase, 400 nM each primer ( epPCR.for and Zea.rev), 250 µM 

dNTPs and 5% (v/v) DMSO in lx Pwo buffer with MgCh (2 mM). To minimise 

stochastic sampling effects which may have reduced diversity, the reaction was split into 

20 x 10 µl aliquots for thermocycling, which was carried out in a Perkin-Elmer 

GeneAmp 9700 instrument with the programme 94°C, 2 min; 30 cycles (94°C, 30 s; 

55°C, 45 s; 72°C, 90 s); 72°C, 2 min. The amplified pkz product was purified from a 1 % 

(w/v) agarose gel using the QIAquick Gel Extraction Kit. 

After primary amplification, the selected pkz variants were recombined using the 

Staggered Extension Process, as described by Zhao et al. (1998). Ten 50 µl StEP PCRs 

were carried out, each of which contained 1.25 U Taq polymerase, 300 nM each primer 

(epPCR.for and Zea.rev), 200 µM dNTPs and 120 ng template DNA in l x Taq reaction 

buffer including MgCh (1.5 mM). To effect template switching during the amplification 

process, thermocycling was according to the programme 94 °C, 5 min; 99 cycles 

(94°C, 30 s; 55°C, 6 s) and was performed on the GeneAmp 9700 thermocycler (Perkin

Elmer). The products were fractionated on a 1 % (w/v) agarose gel, the band 

corresponding to a full-length pkz insert was excised from a smear of other products and 

it was purified using the QIAquick Gel Extraction Kit. 

The recombined variants were cloned into pMS401 by restricting both vector 
(3.5 µg) and insert (3.0 µg) with Neal and HindIII (10 U each enzyme, 11. h digestion), 

dephosphorylating and gel-purify ing the vector preparation, purifying the insert with 

the QIAquick PCR Purification Kit, and ligating the two with the Rapid DNA Ligation 

Kit (2 1 °C, 45 min) . The desalted products of the ligation were used to transform 
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30 freshly-prepared, unfrozen aliquots of electrocompetent E. coli XLl-Blue cells. The 

size of the StEP library was estimated by plating dilutions of the library ligation and 

of a vector-only control on LB-carbenicillin. For selection, the remainder of the library 

was plated on one 243 mm x 243 mm low salt LB plate containing carbenicillin 

(100 µg.mr1), zeocin (500 µg.mr 1
) and IPTG (500 µM) and incubated in darkness at 

30°C for 40 h. 

The proportion of the StEP pkz library containing correctly-sized inserts was 

estimated by a PCR screen of 94 unselected clones. This was carried out exactly as 

described in section 5.7.2.7, except that the primers used were Nco.for and PCE.seq 

(both at 400 nM per reaction) and the annealing temperature for the PCR was 55°C. 



Chapter Six 

On the evolution of (~a)8-barrels 
11 

11

11 
1 i I 

1:11 I 
I 



Chapter 6: On the evolution of (f3a) 8-barrels 210 

6.1 The murky world of (~a)a-barrel evolution 

Of all the scaffolds on which Nature has built enzymatic function, it is clear that the 
(Ba)8-barrel is the most versatile. With diversity of function has come extreme diversity 
of sequence, however, and this in turn has hampered efforts to identify evolutionary 
relationships and reconstruct the history of the fold. In the preceding chapters, a number 
of possible mechanisms for the evolution of this observed diversity have been discussed 
and tested experimentally. In this chapter, those results are used in combination with 
arguments and observations from the literature in an attempt to explain why and how 
(Ba)8-barrel proteins occupy such prominent positions in the pathways of central 
metabolism. It soon becomes apparent that no single mechanism of evolution is 
sufficient, but that instead a variety of mechanisms based on underlying physical, 
chemical and biological properties must have helped to craft and to exploit the 
(Ba)s-barrel scaffold. 

6.2 Recent evolution: recruitment and divergence 

6.2.1 Broadly functional "generalists": Jensen revisited 

The proliferation and functional diversification of (Ba)8-barrel enzymes appears to have 
occurred largely in keeping with the enzyme recruitment hypothesis of Jensen (1976); 
that is, a small number of ancestral "generalist" enzymes possessing broad substrate 
specificities have, through a process of gene duplication and mutation, found a variety of 
niches in otherwise unrelated metabolic pathways. In the first instance, gene duplication 
is advantageous simply because it leads to increased levels of key metabolites; only the 
later accumulation of mutations leads to the specialisation of the now-diverged enzymes 
(reviewed by Rison & Thornton, 2002). One line of evidence to support this notion is 
that (Ba)8-barrels showing evidence of homology tend to be distributed widely both 
within and between pathways (but not necessarily catalysing sequential steps); for 
example IGPS and D-ribulose-5-phosphate 3-epimerase are two homologous ribulose 
phosphate-binding enzymes from · the tryptophan biosynthetic and pentose phosphate 
pathways respectively (Copley & Bork, 2000). 
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In addition to in silico evidence of sequence and structural homology, a growing 

body of experimental data also supports a role for enzyme generalists in (j3cx)8-barrel 

diversification. One or a few mutations have been shown to convert HisA into a 

bifunctional HisA/PRAI-like isomerase (Jurgens et al. , 2000) , and E. coli 

13-glucuronidase into an enzyme with hydrolytic ~ctivity against four related glycosides 

(Matsumura & Ellington, 2001 ). An interesting extension to the general principle was 

recently reported by Braus and co-workers (Hartmann et al., 2003). They demonstrated 

that a single mutation was sufficient to convert the (j3cx)8-barrel Aro4p, a S. cerevisiae 

3-deoxy-D-arabino-heptulosonate-7-phosphate synthase that is feedback-regulated by 

tyrosine, into an enzyme that is instead regulated by phenylalanine, akin to its isoenzyme 

Aro3p. The observation that both specificities and regulatory mechanisms can be 

interconverted by only a handful of mutations on extant (j3cx)8-barrel scaffolds implies 

that evolutionary diversification from generalist ancestors could have been rapid. 

In an analogous study, the Y354N-Alr mutant constructed and analysed in 

Chapter 2 of this thesis demonstrated that a single point mutation was sufficient to 

convert a (j3cx)8-barrel enzyme with a strict preference for alanine into a bifunctional 

racemase with only a slight preference for alanine over serine as a substrate (section 

2.2.4). The proposed pathway for the evolution of a VanT-like serine racemase and 

thence vancomycin resistance in enterococci (section 2.3 .2) also illustrates an important 

extension of Jensen's model. The universal conservation of alanine racemase activity 

(necessary for cell wall biosynthesis in both Gram-negative and Gram-positive bacteria), 

the observation that many enteric bacteria have two extant alanine racemases, and the 

restricted phylogenetic range of species with a dedicated serine racemase all suggest that 

in this case, the ancestral enzyme was not a generalist, but rather a specialist alanine 

racemase. Comparatively late in evolution, perhaps even as recently as the few decades 

since vancomycin use became widespread in a clinical setting (although this is highly 

speculative), the specialist went through a generalist intermediate in the evolution of a 

novel function in a new pathway. 
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6.2.2 "Chemistry first" speeds divergence in superfamilies 

The case for functional diversification by divergent evolution was further strengthened 

by the discovery of the enolase superfamily of homologous (j3cx)8-barrels (Babbitt et al., 

1996; section 1.3.3). The hypothesis that (j3cx)s-barrels could evolve from a common 

ancestor with retention of only a common partial reaction chemistry, presumably 

utilising the modular nature of the (j3cx)8-barrel fold, provided an attractive explanation 

for divergence with a minimal requirement for sequence conservation. The limits to 

divergence within superfamilies remain ill-defined, however, and in some cases the 

assumption of homology may be unjustified. For example, global superpositions and a 

shared part-reaction (i.e. metal ion-assisted abstraction of the a-proton of a carboxylate 

anion) provide strong evidence in favour of enolase sharing a common ancestor with 

mandelate racemase (MR) and muconate lactonising enzyme (MLE). However, enolase 

is unique insofar as one of its 13-strands runs anti-parallel to the other strands of the 

barrel, and the arrangement of its secondary structure is l3l3cxcx(l3cx)6 rather than the 

canonical (j3cx)8. These observations led one group to conclude that the j3j3cxcx subdomain 

was not homologous to the (l3cx)2 region that begins standard (j3cx)8-barrels (Copley & 

Bork, 2000). Clearly, if enolase did share a common ancestor with MR and MLE, 

positive selection pressure for retention of chemistry has been exceptionally strong, even 

in the face of major rearrangements of the (j3cx)8-barrel scaffold. 

The enolase example suggests that divergence within superfamilies has been 

typified by retention of chemistry at all costs. Certainly, the evidence is that sequence 

variation is largely tolerated within the context of the (j3cx)8-barrel, and this must have 

been critical in allowing rapid superfamily evolution by sampling randomly-mutated 

variants that retained the fold but that possessed altered residues important for substrate 

binding or catalysis. As discussed previously and shown experimentally in Chapter 4, 

this structural plasticity is particularly evident for the active site-forming loops. 

However, the rapid divergence amongst superfamily members, to the extent that 

sequence homology is often undetectable and even the E. coli and T. maritima PRAI 

enzymes only share 30% sequence identity (Hennig et al., 1997), also suggests that the 

majority of mutations accumulated within the (j3cx)8-barrel itself are, at worst, 

evolutionarily neutral. This was addressed experimentally by Silverman et al. (2001), 
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who demonstrated that the TIM (13a)8-barrel is indeed highly mutable, tolerating 

substitutions at each of 97 positions with little or no effect on activity. 

It seems, then, that the inherent structural plasticity of the (13a)8-barrel architecture 

has lent itself to rapid divergent evolution, based on non-deleterious mutation from a 
handful of broad-specificity generalists with retention of partial catalytic chemistry. The 
question remaining to be addressed is whether that is enough to explain the observed 

functional diversity of extant (13a)8-barrels. 

6.3 Ancient evolution: the case for convergence 

6.3.1 A central role for autonomous subdomains 

All previous discussions of superfamily divergence are based on the assumption that the 

ancestral (13a)8-barrel was just that: a fully-formed (13a)8-barrel. In this scenario, 

functional groups delivered from any of eight 13-strand-loop units can mutate and evolve 

independently provided some basic chemistry is retained by other 13-strand-loop units 

within the (13a)8-barrel , and this affords some access to diversification via a 

combinatorial route. The premise underlying the work described in Chapter 5, however, 

was that (13a)8-barrels are assembled from autonomously-folding subdomains, and that in 

the ancient past, these subdomains were genetically separated. In such a pre-barrel 

world, truly combinatorial complexity could have been accessed and evaluated, as 

proto-functional subdomains transiently associated in the biochemical milieu of the 

earliest cells. Moreover, if it is assumed that a number of different subdomain 
combinations gave functional and useful enzymes (with associated positive selection 

pressure to fuse and to retain them), one is led to the conclusion that the earliest 

(13a )8-barrels were a result of convergent evolution. In the following sections, I attempt 

to justify this "ancient convergence" model, and to address the implications in the 

specific context of (13a)s-barrel evolution. 

Experimental evidence for the widespread existence of extant subdomains is 

growing. As discussed in Chapter 5, (13a) 1_5f36 subdomains of PRAI (tPRAI; section 5.2) 

and aTS (Zitzewitz & Matthews, 1999), and two (13a)4 subdomains of HisF (Hocker 
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et al. , 2001a) have been produced, folded and characterised in vitro. The two 
subdomains of HisF can be superimposed with an rms deviation of only 1.6 A over all 
non-hydrogen main chain atoms, and the enzyme preceding it in the histidine 
biosynthetic pathway, HisA, is similarly symmetric (Lang et al., 2000; Figure 5.1). This 
offers conclusive evidence for the evolution of these two enzymes by two-fold gene 
duplication and fusion from a common half-barrel ancestor. Further, by assuming that 
this internal duplication is an ancestral feature and that all (Ba)s-barrels are related by 
divergent evolution, it has been argued that HisA and HisF are the extant (Ba)8-barrels 
closest in appearance (though not necessarily in function) to the common ancestor (Lang 
et al. , 2000; Copley & Bork, 2000; Hocker et al. , 2001a). 

In an ancient convergence model, of course, this need not be the case : one 
ancestral barrel might have resulted from the homodimerisation of a half-barrel, but 
heterodimerisation and the multimerisation of smaller subdomains would be just as 
likely to give rise to disparate (Ba)8-barrel lineages. Two lines of evidence support this 

assertion. First, in addition to the existence of (Ba) 1_5f36 subdomains of PRAI and aTS, 

there is strong experimental evidence for a (6+2) folding mechanism for the full-length 
PRAI, aTS, IGPS and probably TIM (Ba)8-barrels (section 5.1), which is in direct 
contrast to the ( 4+4) mechanism utilised by HisA and HisF . Second, in their 
extraordinarily thorough series of sequence and structure comparisons, Nagano et al. 
(2002) found no evidence of two-fold duplication in any other (Ba)8-barrel, but neither 

were HisA and HisF sufficiently far diverged to place them as ancient-like outliers in 
their phylogeny. Rather, the authors did find evidence for a sequence motif (GXD) that 
recurred in 20% of the loops connecting an odd-numbered helix to an even-numbered 
strand, and commented that this was a significant overrepresentation when the 400 
pairwise combinations of amino acids were considered. These are not the active site
forming loops, but instead the short loops on the "stability face" of the barrel, so they 
could be expected to be more highly conserved through evolution. Remarkably, 
however, no preference for this motif was observed in the stabilising loops connecting 
even-numbered helices to odd-numbered strands, implying four-fold symmetry and 
evolution from one or more ancestral (Ba)2 motifs. 
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6.3.2 Structural evidence for subdomain assembly 

Sequence evidence for subdomains smaller than half-barrels is in direct agreement with 

the ancient convergence model. By mixing and matching (~a)2 motifs, it becomes 

possible to arrive at distinct (~a)8-barrel lineages based on (4+4) and (6+2) models of 

assembly and folding. Further, (~a)8-barrels in different lineages might share a common 

motif, and thus might be considered to be partly related by divergence, despite never 

sharing a common (~a)8-barrel ancestor (Figure 6.la). An example is the distorted 
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Figure 6.1. The ancient convergence model of (f3a)8-barrel evolution. (i) A pre-barrel world in which 
mini-gene encoded subdomains, such as (f3ah units (represented as coloured quadrants), transiently 
oligomerise for improved solubility and stability. (ii) Subdomain assembly results in a number of 
(f3a)8-barrels with rudimentary substrate binding and/or catalytic properties. , Selection pressure to retain 
these combinations of subdomains favours mini-gene fusion (genes represented as coloured bars below the 
assembled proteins). (iii) Functional diversification within each lineage is by divergent evolution. 
(A) Subdomain assembly results in two (f3a)8-barrels that share one subdomain (the dark green quadrant) 
but otherwise lack a common ancestor. (B) Independent mini-gene fusion events assemble the same 
combination of subdomains, but with the apparent circular permutation of one relative to the other. 
(C) Subdomain assembly leads to multiple fold types, though these share a common subdomain (the dark 
green quadrant). 
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(13a)8-barrels of the Bacillus cereus and rat phosphoinositide-specific phospholipases C 
(PI-PLCs). Superposition of their structures revealed a very high level of conservation 
over the N-terminal (l3a) 1_3134 regions, with an rms deviation of 1.85 A for 104 equivalent 

Ca positions (Heinz et al., 1998). However, much larger positional deviations were 

observed for the C-terminal parts of the two (13a)8-barrels, with only 39 equivalent Ca 
atoms able to be aligned at all, with an rms deviation of 2.9 A. The N-terminal region 
contains the two conserved histidine residues required for catalysis by both PI-PLCs. 
The divergent C-terminal regions are atypical: in the eukaryotic enzyme a6 is absent; 

while in the bacterial enzyme, a4 and a5 are absent and 135 and 136 are too far apart to 
hydrogen bond, leading to an opening of the barrel not observed in the eukaryotic 
structure. Moreover, it is the C-terminal subdomain that interacts with the neighbouring 
C2 domain of the rat PI-PLC; this second domain is absent altogether in the bacterial 
enzyme. Differences in the C-terminal regions are also thought to explain the altered 
substrate specificities of the two enzymes (Heinz et al., 1998). This apparent 
"two-speed" evolution is readily explained by a mix-and-match model of subdomain 
assembly in which the prokaryotic and eukaryotic lineages share an ancestral N-terminal 
subdomain; a subdomain that - in response to differing selection pressures - has been 
fused with non-homologous C-terminal subdomains to generate two partly-homologous 
enzymes. 

This homology-in-pieces could also be manifested as an apparent circular 
permutation of one (13a)s-barrel with respect to another (Figure 6.2b ). An excellent 

example is enolase, for which there is good evidence based on global structural 
alignments and the positions of its metal- and phosphate-binding motifs for a two-strand 
permutation (Nagano et al., 2002). Transaldolase B also appears to be a two-strand 
circular permutation of class I aldolase (Jia et al., 1996). It is noteworthy, however, that 
a recent survey of the entire SwissProt database, in which rigorous constraints on the 
definition of a true circular permutation were enforced, concluded that they were 
sufficiently rare that "there is no mechanism of local genetic manipulation that can 
induce circular permutations; most examples observed seem to result from fusion of 
functional units" (Uliel et al. , 2001). Any proposed circular permutations of (13a)8-barrel 
proteins, then, would seem to offer further evidence in support of subdomain assembly. 
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Finally, a model of subdomain assembly need not be constrained by convergence 
to a single domain structure (such as the (Ba)8-barrel). Rather, hetero-oligomerisation of 
ancient subdomains could have led to a variety of overall folds, and this could be 
reflected by partial regions of high apparent homology between otherwise unrelated 
extant structures (Figure 6.1 c ). 

The most convincing evidence of subdomain convergence driven by function 
rather than a single endpoint structure is provided by the PLP-dependent enzymes. The 
versatility of the PLP cofactor in effecting racemisation, transamination, 
decarboxylation, retro-aldol reactions and B-elimination is well-documented, as is its 
ligation by five structurally distinct families of PLP-dependent enzymes (reviewed by 
Schneider et al. , 2000) . However, despite the clearly non-homologous overall 
topologies of the five PLP-dependent enzyme families (Figure 6.2), Johnson and 
co-workers have identified a remarkable degree of structural conservation in the regions 
of the enzymes that bind the cofactor (Denessiouk et al., 1999). Representatives of all 
five families, including the (Ba)8-barrel alanine racemase investigated in this study, bind 
the PLP phosphate near the N-terminus of an anchoring a -helix (a9 in the overall Alr 
structure, corresponding to a7 of the (Ba)8-barrel domain). Even more dramatically, in 
Alr, the B subunit of tryptophan synthase and glycogen phosphorylase, this anchoring 
helix is part of a structurally-conserved a-B-a-B supersecondary motif (a6-B7-a7-B8 in 
the Alr (Ba)s-barrel). In conforming to the view that the PLP-dependent enzymes never 
shared a common ancestor, Denessiouk et al. (1999) reasoned that this PLP-anchoring 
unit must therefore have arisen and been exploited on at least five separate occasions. A 
more parsimonious explanation - that the PLP-anchoring units in these enzymes are 
indeed homologous - is provided by the subdomain assembly model postulated here. 
Further, it is particularly intriguing that the putative PLP-binding subdomain: (i) is a 
(Ba)2 unit; and (ii) is found in the region of the Alr (Ba)8-barrel that exactly corresponds 
to the proposed C-terminal subdomain of PRAI, aTS and IGPS . · In a recent update of 
their work incorporating 24 known structures, the same group concluded that at the 
atomic level, a two-layer "phosphate-binding cup" is conserved for PLP. phosphate 
recognition by members of all five families (Denesyuk et al., 2002). 
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Figure 6.2. Topology diagrams for the five known PLP-binding folds. In the PLP-binding domains, 
~-strands are coloured dark blue and a-helices are yellow; for other domains strands are light blue and 
helices are orange. PLP is shown in red. (A) E. coli diaminopelargonic acid synthase (PDB code 1 QJS), a 
representative of the fold type I family. (B) The~ subunit oftryptophan synthase (PDB code lUBS), fold 
type II. (C) Alanine racemase (PDB code 1SFT, Figure 2.1), fold type III. (D) D-Alanine 
arninotransferase (PDB code lDAA), fold type IV. (E) Glycogen phosphorylase (PDB code lGPB), fold 
type V. Figure adapted from Schneider et al. (2000). 

The only amino acid racemase for which a three-dimensional structure is known is 

the (f3a)8-barrel enzyme Air (Figure 2.1), although as discussed in Chapter 2, there is 

very good evidence that Enterococcus serine racemases will also be shown to share the 

(f3a )8-barrel fold. Interestingly, PLP-dependent serine racemases from the silkworm 

(Uo et al., 1998) and rat brain (Wolosker et al., 1999b) have recently been identified. 

The sequence of the rat protein does not show detectable similarity to the bacterial 

racemases (Wolosker et al., 1999a), raising the strong possibility that these eukaryotic 

racemases are members of one of the other families of PLP-dependent enzymes. It is an 

engaging speculation that the eukaryotic enzymes will be found to catalyse an identical 

reaction to VanT and share the a-f3-a-f3 PLP-anchoring motif of Air, but that they will 

otherwise appear non-homologous. 

Further evidence that part-barrels have functioned as independent units in 

evolution, and that their combinatorial assembly has resulted in diverse extant lineages, 

was provided by Hocker et al. (2002). A search of the PDB for structures sharing 

similarity with the (f3a)4 half-barrels of HisF uncovered three members of the (f3a)s 

flavodoxin-like fold and led the authors to postulate a common evolutionary origin for 
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(13a)8-barrels and flavodoxin-like proteins. Again, this is readily reconciled with a 

subdomain assembly model. 

6.3.3 Closed loops and the physics of evolution 

Various lines of evidence point to the existence of subdomains in extant proteins, and 

suggest that these had roles as genetically separated, autonomous units of evolution. 

One implication is that in the earliest protein-based organisms, gene expression 

constituted the translation of short oligonucleotides rather than full-length genes 

encoding domain-sized proteins. Lupas et al. (2001) suggested that this is consistent 

with an early world in which mechanisms for nucleic acid replication were rudimentary 

and error-prone. Long genes would be unfavourable, because they would be more likely 

to accumulate mutations on successive rounds of replication. A preferable strategy for 

evolving genetically stable catalytic activities would instead have been to produce a 

series of short polypeptides, which the authors termed "antecedent domain segments" 

(ADSs), that could aggregate into homo- or hetero-oligomers. 

The structural evidence outlined in the previous section argued in favour of 

subdomains that are smaller than the HisA/HisF half-barrels, and suggested that (13a)2 

units may have been particularly convenient in convergent evolution to a variety of 

(13a)s-barrel and non-(l3a)s-barrel structures. Certainly, the repetition of the GXD motif 

with four-fold symmetry in the stabilising loops of many (13a)8-barrels (Nagano et al., 

2002) suggests that these (l3a)2 subdomains have a very ancient origin. Is it possible, 

however, that even smaller subdomains were the fundamental building blocks of the 

(13a)s-barrels? Trifonov and co-workers have argued that the common basic elements of 

all protein structures are closed loops of a nearly standard size, and that these loops have 

arisen in accordance with the laws of polymer physics (Berezovsky et al. , 2000; 

reviewed by Trifonov & Berezovsky, 2003). Polymer statistics show that the trajectory 

of every polymer chain will occasionally return to within a short reach of itself, forming 

a closed loop; further, the closed loop will have a typical size depending on the type of 

polymer. A more flexible chain will therefore tend to form shorter closed loops. In their 

analysis, Berezovsky et al. (2000) proposed that the optimal size of closed loop for a 

polypeptide chain, allowing for the rigidifying effects of secondary structure, would be 



Chapter 6: On the evolution of (f3a)8-barrels 220 

in the order of 20-50 amino acid residues. Moreover, searching the PDB suggested that 
most closed loops in known protein structures were of the order of 25-35 residues in 
length, and demonstrated a prototypical a-tum-j3 topology (Berezovsky et al., 2000; 

Berezovsky et al., 2002). The implication is that the most ancient unit in (j3a)8-barrel 

evolution may have been a single j3a motif; as demonstrated for TIM in Figure 6.3. 

Figure 6.3. Construction of TIM (PDB code 4TIM) from eight closed loops, largely corresponding to ~a 
modules. The loop ends were determined on the basis of close Ca-Ca contacts and the "locks" which 
close the loops form the core of the protein (yellow space-filled residues). Figure adapted from Trifonov 
& Berezovsky (2003). 

Invoking a role for individual j3a closed loops in (j3a)8-barrel evolution necessarily 

involves speculation about the very earliest evolution of life. In gazing sufficiently far 
back in time, we must also arrive at a period in which the genetic code itself was 
evolving. Beginning with the experiments of Miller (1953), numerous chronologies 
have been proposed for the order in which codons appeared and were utilised to direct 
peptide assembly. Trifonov et al. (2001) have recently compiled a consensus 
chronology based on 44 criteria, including the chemical simplicity of amino acids, their 
reactivity and the composition of early proteins. The results suggest that GC-rich 
codons for glycine and alanine emerged first, which also reflects the perceived 
importance ofthermostability for the earliest emergence of life. 

Trifonov et al. (2001) hypothesised that protein evolution was in discrete stages 
and that the full complement of amino acids and codons had therefore evolved prior to 
the "loop closure" stage of evolution. Obviously, however, we can only speculate on 
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such a chronology. An alternative scenario would see the loop closure stage overlap 
with the evolution of the genetic code, and the implication here would be that the earliest 
closed loops were formed from a "reduced alphabet" of fewer than 20 amino acids. In 
the consensus chronology of amino acids, the eight oldest (in rank order) are: G; A; V; 
D; S; E; P; and L. Perhaps significantly, the GXD motif that might represent the most 
ancient conserved feature of (Ba.)8-barrels is constructed from two of the first four amino 
acids proposed to have existed. 

Reducing the amino acid repertoire has been seen as a way of simplifying the 
problem of de novo protein design (reviewed by Moffet & Hecht, 2001). Strategies are 
typically based on binary patterning of hydrophobic and hydrophilic residues, in an 
attempt to reduce the diversity to sample while enforcing preconceived ideas of "what 
constitutes a modem protein". A novel and more interesting approach might be to 
incorporate evolutionary considerations into the design strategy. In this respect, it is 
noteworthy that Akanuma et al. (2002) recently reported the construction of an orotate 
phosphoribosyltransferase variant with 73 substitutions, and in which 88% of all 
positions were occupied by the comparatively ancient amino acid set: G (1); A (2); V 
(3); D (4); P (7); L (8); T (9); R (11); and Y (19) (ranks in the consensus chronology of 
Trifonov et al. are indicated in parentheses). The ultimate design experiment in support 
of a subdomain assembly model for (Bcx)8-barrel evolution, would therefore be to 
construct a Ba motif from an evolutionarily ancient set of amino acids, and demonstrate 
that it could self-assemble into a (Bcx)8 octomer. While undoubtedly an ambitious goal, 
the recently reported de novo design of a structured (Bcx)8-barrel (Offredi et al., 2003; 
section 1.5) represents a sizeable leap towards it. 

6.3.4 Exons as mini-genes? 

The discussion thus far has focussed on structured peptide and protein subdomains as 
fundamental building blocks in earliest evolution, and the accompanying implication 
that a "short peptide world" required a "short gene world". Moreover, it seems likely 
that at this earliest stage of protein evolution a "short gene world" was a "short 
oligoribonucleotide world". A second implication of the ancient convergence model for 
subdomain assembly, then, is that the fusion of RNA mini-genes must have been 



Chapter 6: On the evolution of (/3a}8-barre/s 222 

common in order to give rise - eventually - to DNA genes encoding full-length 
(~a)8-barrels. Lupas et al. (2001) proposed that in the first instance, domains comprised 
multiple copies of a subdomain translated from a single mini-gene, and that these homo
oligomers could then be replaced in a stepwise fashion by single polypeptide chains 
incorporating incrementally increasing numbers of repeats (n --"7 n + 1 --"7 n + 2 etc.). At 
the other extreme, the eight-fold symmetry of the (~a )8-barrel appears to lend itself to a 
series of two-fold duplications (n --"7 2n --"7 4n --"7 8n) and this certainly seems to have 
occurred at least once in the HisA/HisF lineage. In either case, selection pressure for 
mini-gene duplication and subsequent gene fusion was undoubtedly manifested as an 
improved folding efficiency and an increased thermostabi lity of the resulting 
multi-subdomain polypeptides. 

The ancient convergence model posited here, however, implies that the majority of 
the more ancient domains were hetero-oligomers of peptides that were perhaps governed 
only by the size constraints imparted by polymer physics and a tendency to aggregate in 
order to shield hydrophobic side chains from the solvent. Selection pressure for fusion 
of the multiple mini-genes encoding these peptides remains identical in nature to that 
described for homo-oligomers, except that now gene splicing is required as an initial 
step, instead of gene duplication. 

Knowles and co-workers observed that the consensus sequence at the 3' termini of 
both exons and introns in modem day eukaryotic genes is -AG-3' and suggested the 
possibility that exons were once mini-genes terminating with the amber stop codon, 
TAG (Seidel et al., 1992). They went on to propose a model in which the splicing of 
subdomain-encoding mini-genes is mediated by the use of their common amber termini 
as recognition elements, and is driven by positive selection based on improving the 
likelihood of the linked inheritance of all the subdomains that contribute to a particular 
catalytic activity. Once mini-genes were linked on the same RNA molecule, selection 
would be for read-through of the amber codons at the 3' terminus of each mini-gene, by 
either mutation at this codon or the use of suppressor tRNAs. Of course, read-through 
would also introduce extra peptide sequences encoded by the intervening RNA between 
successive mini-genes . The authors speculated that today's introns may therefore 
represent failed exons: mini-genes encoding polypeptides that failed to contribute to the 
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overall function or stability of the newly-constructed gene, and that are subsequently 
spliced out of modem versions of it. 

Implicit in combining an "exon mini-gene" model with the subdomain assembly 
model is the assertion that extant exons correspond to discrete structural units, such as 
l3a or (13a)2 motifs, within the (13a)8-barrel structure. Unfortunately, however, known 
exon boundaries in chicken TIM and cat pyruvate kinase paint a rather confusing 
picture. The chicken gene encoding TIM comprises seven exons, which fall into two 
size categories: exons 1, 2, 4 and 7 encode peptides of 38, 41 , 45 and 47 amino acids 
respectively; and exons 3, 5 and 6 encode peptides of 28 , 29 and 29 residues (Straus & 
Gilbert, 1985). Further, while it is noteworthy that no introns fall within 13-strand 
sequences (with the exception of intron 1, which falls after the first nucleotide of the 
codon for the first amino acid in 132), introns 3, 4 and 5 interrupt the coding sequences 
for a -helices 4, 5 and 6 respectively, arguing against a role for exon-encoded peptides as 
autonomous subdomains. The position of intron 6 is also problematic, as it falls at the 
C-terminus of 137 and effectively splits the phosphate binding motif (see section 6.3.4 
below) in two . Introns in pyruvate kinase also appear to be distributed non-randomly, 
yet their positions do not correspond with those in TIM: while four of seven exons 
encode al3a motifs in TIM, exons in pyruvate kinase tend to code for al3 or al3al3 units 
(Straus & Gilbert, 1985; Muirhead et al., 1986). Moreover, an intron splits the sequence 
encoding 135 into two even halves, which is hard to rationalise in the exon mini-gene 
model: any intervening sequence translated at this location due to amber codon 
read-through could not help but disrupt the overall (13a)8-barrel architecture. 

So do the exon mini-gene and subdomain assembly models provide mutually 
exclusive explanations for the origins of the (13a)8-barrels? The structural evidence 
suggests that many (13a)s-barrel proteins share precisely defined subdomain boundaries 
(such as the l36a6 loop in PRAI, IGPS, aTS and possibly TIM itself), which may or may 
not match exon splice junctions. The recent study of the kinetic unfolding pathway of 
TIM (Silverman & Harbury, 2002; section 5.1.1.2) implied that the final unfolding 
intermediate consisted of (13a)2_3l34 , yet this is encoded by one-and-a-half exons in the 
chicken TIM gene. However, more detailed comparative analyses of exon boundaries is 
complicated by the fact that the most well-characterised (13a)8-barrel proteins are 

I I 
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bacterial in origin, and therefore lack introns altogether. Whether this represents the 
ancestral state (therefore invalidating the exon mini-gene argument and strengthening 
the case for strict duplication of subdomain mini-genes, with no requirement for 
troublesome splicing) or not is, of course, the subject of a protracted, passionate and 
ongoing debate5

. Where both models do agree is that assembly of short polypeptides has 
led to convergent evolution, resulting in multiple, stable (Bcx)8-barrel structures. 

6.3.5 Evolution of catalysis: Horowitz revisited 

The strongest argument in favour of divergent evolution from a single, ancestral 
(Ba)8-barrel is the observation that - without exception - the active site pockets of 
(Ba)8-barrel enzymes are found on the face of the barrel defined by the C-termini of the 
B-strands. When the evolution of catalysis is considered, however, it can be 
demonstrated that this conservation may reflect selection pressure on the most ancient 
(Ba)8-barrel enzymes, and that it is therefore not inconsistent with a model of ancient 
convergence to multiple ancestral (Ba)8-barrels. 

His complete description of the mechanism of TIM led Jeremy Knowles to 
propose a convincing model for the development of catalytic efficiency, in which rate 
enhancement is effected by three types of binding interaction between the enzyme and 
its substrates (Figure 6.4; Albery & Knowles, 1976; Burbaum et al. , 1989; reviewed by 
Knowles, 1987). In the first of these, "uniform binding", the enzyme does not 
discriminate between substrate (S), transition state (TS) and product (P), but merely 
binds all of them equally weakly or strongly. The second type of interaction, 
"differential binding", does discriminate between Sand P and now the enzyme binds one 
more tightly than the ·other. The third theme was termed "catalysis of an elementary 
step" and reflects an enzyme at its most discriminatory, when it is able to bind TS more 
strongly than either S or P. Moreover, it is logical to suppose· that these interactions get 
progressively "more difficult" to evolve (e.g. a random mutation to improve recognition 
of TS alone is less probable than a mutation to improve recognition of S, TS, and P), and 

5 Indeed, a lot of the more recent evidence favours the " introns late" view, i.e. that spliceosomal introns 
did not exist before the prokaryote-eukaryote split. This argument is reviewed by Duret (2001) and furthered by Lynch (2002). 
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that therefore, more primitive catalysts operated through uniform binding alone. That is, 
for the earliest (~a)8-barrel enzymes, binding was catalysis, and the previous distinction 

between the models of Horowitz ("binding first") and Jensen ("chemistry first") 
disappears. 
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Figure 6.4. Schematic free energy profiles illustrating the development of catalytic efficiency. Uniform 
binding is indiscriminate, and all the internal states (E·S, ETS and E·P) are simply bound more or less 
tightly to the enzyme. At the ·optimum, A = B (refer Figure 6.5) . Differential binding discriminates 
between S and P, equalising the internal thermodynamics such that the free energies of E-S and E· P are 
equal. This lowers the free energy barrier (compare the magnitudes of A and C). Finally, the enzyme 
discriminates between S and TS, further reducing the barrier C. For a perfect enzyme such as TIM, in the 
downhill direction (i.e. right to left) the diffusive transition state F is the highest barrier. In the uphill 
direction (left to right) there is no accumu lation of intermediates because at the ambient concentrat ion of 
S, D has the lowest free energy. Figure adapted from Knowles (1987). 

Optimisation of uniform binding (Figure 6.5) requires optimising the free energies 
of all bound states (E-S, E-TS, and E-P) en masse with respect to the external states 
(E +Sand E + P). If the internal states are bound too loosely (Figure 6.5a), the central 
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Optimisation of uniform binding (Figure 6.5) requires optimising the free energies 

of all bound states (E-S, E·TS, and E·P) en masse with respect to the external states 

(E + S and E + P). If the internal states are bound too loosely (Figure 6.5a), the central 
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transition state presents a large barrier to the reaction. If uniform binding is much tighter 
(Figure 6.5b), the central barrier becomes insignificant; however, the problem becomes 
one of enzyme and product release from the overly-stable E-S intermediate. The balance 
(Figure 6.5c) is where the indicated free energy differences are equal. 

E·TS 

E+S 
A. B. c. 

Figure 6.5. The effects of changes in uniform binding of the internal states E·S, E·TS and E·P. (A) Insufficient binding of the internal states resulting in the transition state presenting a large energy barrier to the reaction. (8) Uniform binding is too tight, and as a result E·S is too stable to allow turnover. (C) The indicated free energy differences are equal when uniform binding is optimised. Figure adapted and redrawn from Albery and Knowles (1976). 

How good could a "binding catalyst" have been? Albery and Knowles (1976) 
demonstrated that the uniform binding criterion has essentially been met in extant TIM, 
and moreover, that satisfying it leads to a 120 OOO-fold increase in efficiency over the 
rate of the reaction catalysed by free acetate. Indeed, uniform binding is the most 
significant contributor to the overall catalytic efficiency of TIM: differential binding 
results in a 50-fold improvement; and catalysis of elementary steps gives a 4000-fold 
increase in catalytic efficiency. So it seems that the evolution of indiscriminate binding 
properties alone will (in many cases) have been sufficient to yield efficient catalysts. 
Even in the extreme example of OMP decarboxylase (section 1.2.3), a 120 OOO-fold 
improvement over the rate of the uncatalysed reaction at 100°C (f 112 = 10 years) via 
optimised uniform binding would result in a rate of reaction (t112 ::::: 45 min) that - if 
hardly spectacular - at least falls within the bounds of physiological relevance. 

In hypothesising that the earliest enzymes were binding catalysts, the implication 
1s that subdomains assembled into (Ba)8-barrels were more prolific and/or more 
proficient as uniform binders than other fold types. There is no doubt that assembly into 
an eight-stranded B-barrel would have had significant benefits in terms of overall 
stability and in providing two large, ready-made binding pockets encircled by the 
B-strands. However, only one of these - at the C-termini of the strands - has ever been 
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utilised in a binding (and therefore catalytic) role. A plausible reason for this stems from 
the parallel nature of the strands of the B-barrel and, more importantly, the consequent 
arrangement of ex-helices. It is well-known that the uniform hydrogen bonding within an 
ex-helix generates a dipole moment, and that the N-terminus of the helix therefore carries 
a partial positive charge (Branden & Tooze, 1991). In the (Bex)8-barrel, the N-termini of 
eight ex-helices are all oriented towards the same face of the molecule: the face where 
catalysis occurs. The electrostatic flux through a square surface near the active sites of 
seven (Bex)8-barrels has been calculated and was shown to have both backbone and side 
chain dependent components (Raychaudhuri et al., 1997). In six cases the backbone 
itself contributed greater than 45% of the total flux, and the general effect of the side 
chains was to focus the electrostatic field into a specific active site region. It follows, 
therefore, that even before evolutionary fine-tuning of side chain combinations, this face 
of a (Bex)8-barrel would have been electrostatically well-disposed towards binding any 
negatively-charged substrate in a largely non-discriminatory manner. 

When the functions likely to be catalysed by the oldest (Bex)8-barrels are 
considered, the universal utilisation of phosphorylated substrates is striking. Examples 
from metabolic pathways considered to be ancient include enolase and pyruvate kinase 
in the second half of glycolysis, OMP decarboxylase in pyrimidine biosynthesis, 
Rubisco in photosynthesis and D-ribulose-5-phosphate 3-epimerase in the pentose 
phosphate pathway. It seems entirely consistent, then, that much of the earliest selection 
pressure for catalytic function was selection pressure for binding phosphorylated 
ligands, and that a particularly convenient way to achieve this was to make use of the 
electrostatic potential intrinsically generated by the (Bex)8-barrel architecture. Moreover, 
a subdomain model posits that evolutionary optimisation of phosphate binding need not 
have involved the entire (Bex)8-barrel, and nor that it need have been reinvented on 
multiple scaffolds simultaneously. Rather, only a single subdomain needed to be 
optimised, and by a process of subdomain shuffling, this could have eventually been 
incorporated into multiple lineages of (Bex)8-barrels. 

This, of course, is exactly what is seen in extant (Bex)8-barrel enzymes. On 
grouping 889 (Bex)8-barrel structures into 21 families, Nagano et al. (2002) observed that 
every member of 12 families had a phosphate moiety in either their substrates or their 
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cofactors. Four of these families possessed the "standard phosphate binding" (SPB) 

motif first identified in PRAI, IGPS and aTS (section 1.4.2; Wilmanns et al., 1991), and 

which comprises B7, the B7a7 loop, a7, B8 and the B8a8 loop. This SPB motif shows 

every evidence of being a conserved and ancient subdomain that has been incorporated 

into a variety of (Ba)s-barrel lineages. While. it is usually found in the C-terminal 

location described above, in enolase it appears to have been permutated by two Ba units 

(refer section 6.3.2). Although it does not bind phosphate, a motif in the region of BS of 

pyruvate kinase also appears to be structurally homologous (Nagano et al., 2002). 

Finally, in HisA and HisF it appears twice, in the regions of (Ba)3_4 and (Ba)7_8 (Lang 

et al., 2000). 

The SPB motif has been used to infer homology amongst large numbers of intact 

(Ba)8-barrels. Further, its presence in conjunction with a conserved lysine in B6 of the 

Schiff base-dependent aldolases has been used to extend this proposed homology to 

(Ba)8-barrels such as 3-dehydroquinase, which do not bind phosphate but which do share 

the lysine (Copley & Bork, 2000). A more parsimonious explanation for this "steppping 

stone" type homology is provided by the ancient convergence model, in which genetic 

separation of subdomains initially enabled their unlinked inheritance, and subsequently 

led to (Ba)s-barrel lineages in which features were assorted in a variety of combinations. 

As discussed above (section 6.3 .2), the subdomain assembly model need not be 

constrained to a single fold type, and indeed strong support for the model is provided by 

the identification of subdomains that recur in otherwise unrelated families, such as the 

PLP-dependent enzymes. Considering the central and ancient role for glycolysis in 

metabolism, and the observation that all the glycolytic intermediates are phosphorylated, 

it would be interesting-to search for a phosphate binding motif that is shared between the 

(Ba)s-barrels and the non-barrels in the pathway. Given the conservation of (Ba)n 

supersecondary elements in all of the glycolytic enzymes, the existence of such a 

subdomain is not implausible. Not only would this provide evidence in support of the 

importance of uniform binding in evolving catalytic efficiency, but it would also argue 

that the appearance of a uniformly-binding subdomain could facilitate the rapid 

appearance of entire, complex pathways. 
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6.4 Not old, but tangled: the Trp and His (f3a)a-barrels 

The evolutionary history of the (Ba)8-barrels has clearly been exceptional both in its 

length and in its convolution. Perhaps the overarching message evident from the 

previous discussion is that Nature is the ultimate opportunist, and that if she can make 

use of subdomains through convergence or (Ba)8-barrels through divergence, she will. 

This point is illustrated when the microcosm comprising the (Ba)8-barrels of tryptophan 

and histidine biosynthesis - the primary subjects of the experimental work in this study -

is considered. 

As discussed previously (section 1.4.2), the discovery that (Ba)8-barrels catalysed 

three successive steps in the tryptophan biosynthetic pathway (i. e. the PRAI, IGPS and 

aTS reactions) and two successive steps in histidine biosynthesis (the HisA and HisF 

reactions) appeared to provide evidence for a model of retrograde evolution. In that 

scenario, HisA would have evolved from a HisF-like ancestor; and PRAI would have 

evolved from IGPS, which would in turn have evolved from aTS. However, recent 

evidence supports divergent evolutionary relationships between at least three of these 

five (Ba)s-barrels based on opportunism and promiscuity, rather than strict adherence to 

the models of pathway evolution postulated by either Horowitz or Jensen. 

In addition to their sequence homology and remarkable structural homology, HisF 

catalyses the HisA reaction (albeit poorly). It has been argued that, given the complexity 

of the HisF reaction, this is surprising (Gerlt & Babbitt, 2001 b ). However, given that 

two aspartate residues thought to act as the catalytic acid and base in the HisA reaction 

(Henn-Sax et al., 2002) are conserved in HisF, that overall the two structures are so 

similar, and that the Amadori rearrangement catalysed by HisA is chemically 

straightforward, this is not unexpected. Moreover, it provides evidence of a HisF-like 
ancestor for HisA. 

The trivial nature of the Amadori rearrangement seems to have been central to the 

rapid evolution of PRAI from a HisA-like ancestor. Not only has PRAI functionality 

been engineered onto the HisA scaffold (Jurgens et al., 2000), but it has also recently 

been reported that in Streptomyces coelicolor and Mycobacterium tuberculosis, PRAI is 
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absent altogether and instead a bifunctional isomerase, termed PriA and showing 25% 
identity to HisA, is required for the synthesis of both histidine and tryptophan (Barona
G6mez & Hodgson, 2003). PriA appears to be a molecular fossil , retained in the 
actinomycetes because of a lack of selection pressure in these bacteria to regulate the 
two biosynthetic pathways independently. This evidence of a more ancient pathway for 
histidine biosynthesis than tryptophan biosynthesis conveniently bears out the proposed 
chronology for the appearance of amino acids (section 6.3.2; Trifonov et al., 2001), 
which ranked histidine 1 i 11 and tryptophan the last of the 20 amino acids to appear. 

What is surprising in the proposed divergence from HisF to PriA/HisA to PRAI is 
that HisF and HisA retain striking structural homology, whereas HisA and PRAI, which 
in such a model must be related via a more recent common ancestor, do not. There is no 
doubt that the requirement to bind substrates with two phosphate moieties would have 
provided selection pressure to maintain SPB motifs related by two-fold symmetry in 
HisF and HisA. The question then becomes one of how PRAI lost this 
pseudo-symmetry so rapidly. 

Two alternate models present themselves as worthy of consideration. First, on 
reporting the structures of HisA and HisF, Lang et al. (2000) made the observation that 
the HisA (~a)8-barrel shows a higher similarity to IGPS than PRAI, whereas HisF is 

preferentially superimposed on PRAI rather than IGPS. In fact, when the FSSP database 
(Holm & Sander, 1996) is searched for structures similar to T maritima PRAI6, HisF is 
found to show a higher degree of similarity (ranked 5111 overall) than HisA (ranked 11 th). 

Bearing in mind that HisF catalyses the HisA-like Amadori rearrangement, it is possible 
that PRAI has not diverged from a HisA-like ancestor, but rather from a HisF-like one. 
HisA could therefore ;result from a more recent hisF gene duplication than PRAI, 
explaining in part why it retains such strong homology to HisF. In this scenario, PriA is 
less a molecular fossil and more a molecular red herring, with ~he implication being that 
a gene for PRAI was lost from the actinomycete lineage at some point. An intriguing 
way to address this experimentally would be to assay HisF, not for the HisA Amadori 
rearrangement, but rather for PRAI activity. It certainly does not seem unreasonable to 
expect that it would show residual activity, which raises the possibility that a single 

6 The reported structures of HisA and HisF are also fro m this thermophile. 
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ancestral HisF (13a)8-barrel catalysed three steps in two different pathways (two of which 
are of a chemically trivial nature). 

Secondly, it is noteworthy that the structure-based sequence alignment of the 
T maritima HisA and PRAI enzymes (Jurgens ~t al. , 2000) reveals extraordinarily little 
conservation: only 10% of residues are identical in the two sequences. Curiously, 10 of 
the 21 identical residues are found in the part of the sequence encoding (13a)1-sl36 of the 

two (13a)8-barrels; this corresponds to 7.9% sequence identity over this region, which is 
in the range expected when two random sequences sharing elements of secondary 
structure are aligned. Even the critical catalytic residue at the C-terminal end of 131 is 
not conserved: it is a cysteine in PRAI, but an aspartate in HisA. The remaining 11 
sequence identities (including the two conserved glycines of the SPB motif at the 
C-terminus of 137) are found in the region encoding a 6(13a)7_8, corresponding to a more 
significant 14.1% identity. Embracing some of the features of the ancient convergence 
model for subdomain assembly, it is tempting to interpret this as evidence for a shared 
C-terminal subdomain but otherwise discrete ancestries for HisA and PRAI. Of course, 
it was argued above that the histidine and tryptophan biosynthetic pathways are 
associated with rather complex secondary metabolism, and therefore they probably arose 
well after the transition to a DNA-based cellular system. Any ancient mini-gene 
hypothesis to explain subdomain shuffling in the (13a)8-barrels of these pathways is 
therefore somewhat fraught. However, it has been observed throughout this study 
(viz. section 5.5.4) that under selection pressure, even extant (and indeed, supposedly 
recombination deficient) E. coli is exceptionally good at catalysing chromosomal 
rearrangements, often centred on only a few base pairs of sequence identity in two 
genetically separated regions. It does not seem implausible to assume that the shuffling 
of partially homologous subdomains could be mediated in such a manner. 

While an ancient ancestry for the phosphate binding subdomain has already been 
postulated (section 6.3.5), disparate origins of the N-terminal subdomains of the 
tryptophan and histidine biosynthetic (13a)8-barrels may also shed light on the origins of 

IGPS and aTS. In this regard, it is noteworthy that PRAI and IGPS share an overall 

sequence identity of 22%, although this drops slightly to 17% over the region (13a) 1_5136 

(Altamirano et al., 2000). Nonetheless, this is more consistent with PRAI and IGPS 
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sharing an N-terminal subdomain than PRAI and HisA. Likewise, while aTS possesses 

the phosphate binding subdomain also present in PRAI, IGPS, HisA and HisF, its 

overall sequence homology suggests an N-terminal subdomain derived from a common 

ancestor with TIM and/or the type I (Schiff base-forming, metal-independent) aldolases 

(Copley & Bork, 2000). The latter observation. is intriguing, as the aldolase to which 

aTS is linked by sequence similarity binds a non-phosphorylated substrate, perhaps 

suggesting that subdomain shuffling has eliminated the SPB motif from this enzyme. 

6.5 Evolution in action: a future full of diversity 

One hypothesis for which there is no evidence whatsoever is that the evolution and 

functional diversification of (Ba)8-barrel enzymes is complete. On the contrary, there is 

abundant evidence that the unique plasticity of the scaffold will ensure that the future of 

enzymatic catalysis is as dominated by the (Ba)8-barrels as the past has been, and that 

untangling their evolution will only get more complicated. 

A particularly striking example of (Ba)8-barrel evolution in action is provided by 

phosphotriesterase (PTE). This enzyme, first isolated from the soil bacterium 

Pseudomonas diminuta, catalyses the hydrolysis of a variety of synthetic 

phosphotriesters used as insecticides (e.g. paraoxon) and chemical warfare agents 

(e. g. sarin), however no natural substrate for PTE has ever been identified. The 

synthesis of phosphotriester insecticides was first reported in 1950, and PTE was first 

identified in 1989, suggesting that this activity has evolved in only 40 years (reviewed 

by Scanlan & Reid, 1995). Moreover, the value of kcailKM for PTE-catalysed hydrolysis 

of paraoxon is 4 x 10 7 M- 1
• f 1

, only six-fold lower than that for triose isomerisation by 

the catalytically perfect enzyme, TIM. That a novel function can evolve to close to the 

diffusion limit within decades is remarkable testament to the power of natural selection 

and the plasticity of the scaffold, and suggests that the rapid evolution of VanT in 

response to 30 years of vancomycin-induced selection pressure (section 6.2.1) might not 

be unreasonable. Further, the recent in vitro evolution of improved PTE variants 

(Griffiths & Tawfik, 2003; section 4.1.4) suggests that Nature might not have finished 

with this (Ba)8-barrel yet. 
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The ability of one active site architecture to catalyse multiple reactions can clearly 

lead to rapid evolution of new activities via what has been termed "opportunistic 

divergence" (Gerlt & Babbitt, 2001b). In the previous section, this was suggested as one 

mechanism to account for the evolution of HisF, HisA and PRAI from a multi-functional 

HisF-like ancestor. A member of the enolase .superfamily, N-acy lamino acid racemase 

from Amycolaptosis sp., appears to be an example of this type of evolution in action: it 

has recently been discovered to catalyse o-succinylbenzoate synthesis almost 1000-fold 

more efficiently than the racemisation reaction (Palmer et al., 1999). In taking a finely 

tuned enzyme as the starting point, opportunistic divergence will clearly play a role in 

the continued diversification of extant (Ba)8-barrels, and furthermore "is not restricted to 

chemically and metabolically sensible strategies" (Gerlt & Babbitt, 2001b). 

In sharp contrast to catalytic promiscuity, it seems that another relatively recent 

strategy for diversifying (Ba)8-barrel functionality has been to eliminate enzymatic 

activity altogether. As outlined in section 1.2.5, there is excellent structural evidence to 

suggest that the murine lectin Yml, the Drosophila growth factor IDGF-2 and the seed 

storage proteins concanavalin B and narbonin share a recent common ancestor with the 

glycosyl hydrolase chitinase A (Figure 6.6). However, none of these proteins possess all 

three of the catalytically essential residues found in chitinase (Asp311 , Glu315 and 

Asp391). Despite their inactivation through mutation, they have nonetheless been 

recruited to fill a variety of other roles in the cell; in the cases of Yml and possibly 

IDGF ~2, these new functions involve retention of the ability to bind carbohydrates 

(Sun et al., 2001; Varela et al., 2002). 

A final quirk of (Ba)s-barrel evolution that has recently come to light is that all 

known methanogeri methylamine methyltransferase genes contain an in-frame amber 

stop codon (UAG), and that this appears to encode the incorporation of L-pyrrolysine, 

the 22nd amino acid found to occur naturally in protei,ns. The structure of the 

Methanosarcina barkeri monomethylamine methyltransferase demonstrating the 

presence of an L-pyrrolysine residue also showed the enzyme to be a homohexamer of 

(Ba)s-barrel subunits (Hao et al., 2002). It seems fitting that, after much discussion of 

reduced alphabets and greatly simplified, proto-functional barrels (section 6.3), it is also 

a (Ba)s-barrel that has evolved to incorporate the most expanded genetic alphabet of all. 
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Lectin Ym 1 

Concanavalin B Narbonin 

Figure 6.6. The (~a)8-barrel domains of three structural homologues of Yml, only one of which 
(chitinase A) is catalytically active. None of the three enzymatically inactive proteins (Yml, concanavalin 
B and narbonin) possess all three of the residues essential for activity in chitinase A (Asp311, Glu315 and 
Asp39I, shown in ball and stick representation). Figure adapted from Sun et al. (2001). 

6.6 Concluding remarks 

On charting the evolution of extreme functional diversity on the (~a)8-barrel scaffold, a 

plausible scheme involving a number of stages emerges. In an RNA-centred, mini-gene 

world, it is conceivable that the very first proto-barrel may have been an octamer of 

peptides forming closed loop structures solely in accordance with the laws of polymer 

physics. The best evidence we have regarding the nature of the earliest modular barrels, 

however, suggests that they were instead constructed from four (~a)2 modules, and that 

within each subdomain the two ~a motifs were linked by a short loop with the consensus 

sequence GXD. 

It is possible that the first of the barrels assembled from (~a)2 subdomains was a 

homo-tetramer. Herein, however, it is proposed that in the error-prone environment of 

the earliest cells, it was more likely that sequence diversity within (~a)2 modules would 

already have existed, and that hetero-tetramerisation was therefore considerably more 

probable. Selection for mini-gene fusion to ensure linked inheritance and gene 

duplication would have resulted in a variety of subdomain combinations that are echoed 

in the (6+2) and (4+4) folding pathways of extant (~a)8-barrels. The most ancestral 
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(j3a)8-barrels therefore represent a process of ancient convergence to the stabilised fold 
from a diverse range of subdomains. Ultimately, then, this ancient convergence rules 
out the possibility that there was ever an ancestral (j3a)8-barrel from which all extant 
examples are descended, and indeed there was unlikely to have been a single ancestral 
(l3a)2 module. 

The evidence presented in Chapter 4 suggests that in many cases, extant 
subdomains have retained sufficient autonomy to function as genetically distinct units 
and that recombination-mediated subdomain shuffling may also have played a role 
throughout the course of (j3a)8-barrel evolution. Further, the attempt at forced 
convergence described in Chapter 5 provided tantalising experimental evidence 
suggesting that even between highly divergent proteins, and within the confines of a 
rational but ultimately nai"ve protein redesign strategy, this subdomain shuffling could 
have resulted in stabilised (j3a)8-barrel daughter variants. 

The evolution of diverse catalytic functions had humble beginnings, manifested as 
subdomain-mediated affinities for a variety of substrates, many of which shared a 
common phosphate moiety. However, on assembly of genes for full-length 
(j3a)8-barrels, and driven by natural selection in cells with increasingly complex 
metabolic requirements, divergent evolution from broad-specificity "binding catalysts" 
to enzyme "generalists" to catalytically superior specialists was rapid. As illustrated in 
Chapter 2 and in the examples described in this chapter, this process was cyclical, with 
few mutations often being sufficient for an evolved specialist to revert to an ancient-like 
generalist, only to re-diversify into new metabolic niches. The ability of the (13a)8-barrel 
to donate active site residues from any of eight distinct 13-strand-loop regions was - and 
still is - a critical factor in this propensity for promiscuity. In turn, these features will 
ensure that the (j3a)s-barrels remain an irresistible target for protein engineers, and 
indeed for Nature herself. 

It seems, then, that when it comes to the past, the present and the future of 
(13a)8-barrel evolution, it is truly a case of "anything goes". 
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cis -trans isomerization was achieved by irradiation with visible light 
from a Xenon lamp (UV Spot Light Source: HAMAMATSU PHOTON
ICS) for 1 min through a L-42 filter (from Asahi Technoglass). For the 
experiments represented in Figure 1 and Figure 2, the solution was 
UV-irradiated immediately after incubation at 37 ' C started. In the 
experiment represented by Figure 3, UV and visible-light irradiation 
was carried out when 40 and 80 min, respectively, had passed after 
incubation started. 
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The pyridoxal 5'-phosphate (PLP) dependent enzyme alanine 
racemase (EC 5.1.1.1) catalyses the interconversion of the L and o 
isomers of alanine. In both Gram-negative and Gram-positive 
bacteria, the o-Ala produced by this enzyme is incorporated into 
the cell wall as an essential component of the peptidoglycan 
layer. The structure of the Geobaci/lus stearothermophilus1' 1 

alanine racemase (Air) has been solved at 1.9 A resolution,121 

revealing a homodimer in which each subunit consists of two 
domains: a (~a)8 barrel and a (-terminal domain essentially 
composed of three~ sheets (11 strands in total). On dimerisation 
the (~a)8 barrel of one monomer interacts with the (-terminal 
domain of the other; the active site is a cleft between these two 
domains. Mutagenic, structural and modelling analysesl3, 

41 
confirm a catalytic mechanism involving two bases, Lys39 and 
Tyr265 ' .tsJ The cofactor PLP forms a Schiff base with one of these, 
Lys39, in the resting enzyme, and in addition to this covalent 
attachment, a large number of hydrogen bonds fixes PLP rather 
rigidly in the active site. In particular, the three oxygen atoms of 
the cofactor phosphate group are involved in an extensive 
network of hydrogen bonds involving Tyr43, Ser204, Gly221, 
lle222 and Tyr3s4141 (Figure 1 A). Interestingly however, the 
structure of an external aldimine form of Air in which PLP forms 
a Schiff base with the inhibitor (R)-1-aminoethylphosphonic acid 
(L-Ala-P) suggests that there is ample space in the active site for 
larger side chains than that of alanine and provides no simple 
structural explanation for the observed substrate specificity.1•1 In 
the present study we have demonstrated that, rather than 
merely contributing to the immobilisation of the cofactor 
phosphate, Tyr354 plays a crucial role in defining the strict 
specificity of Air for alanine by preventing turnover of other 
potential substrates. 

[a] Dr. J. M. Blackburn, W. M. Patrick, J. Weisner 
Department of Biochemistry 
University of Cambridge 
80 Tennis Court Road 
Cambridge CB2 1GA (UK) 
Fax: (+ 44) 1223-766002 
E-mail : jmb50@cam.ac.uk 
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A) 

B) 
G. stearothenmphilus Air 
B. subtilis Air 
E. coliAlr2 
P. aeruginosa Air 
I:. gallinarum Van T 

Figure 1. A) Coordination of the phosphate group of PLP in G. stearothermophilus 
alanine racemase by active site residues Tyr43, Ser204 and Tyr354. The PLP- ,-Ala-P external 
aldiminel'1 is shown; note that the methyl side chain of the inhibitor (with Van der Waals 
radius drawn) will rotate towards Tyr354 in attaining an intermediate planar with the 
pyridoxal ring of PLP. 8) ClustalW sequence alignment of bacterial alanine racemases and 
the E. gallinarum serine racemase VanT in the regions of Lys39 and Tyr43, and Tyr354. 

In the present work, we used site-directed muta
genesis to analyse the role ofTyr354 in Air and to explore 
the significance of the Asn-for-Tyr (Y354N) substitution 
found in VanT. We chose to replace Tyr354 with Ala to 
open an additional pocket in the active site and with Asn 
and Gin to mimic VanTwhile allowing for inaccuracies in 
modelling one active site (VanT) based on another (Air). 
Each Air mutant was over-expressed in Escherichia coli 
and purified to apparent homogeneity. The racemase 
activity of each protein acting on 40 mM L-Ser was 
determined by using an assay modified from that 
previously described for rat brain serine racemase (see 
the Experimental Section for details). The results are 
displayed in Table 1. Each of the three mutant enzymes 
showed a specific activity on L-Ser 51- to 81-fold higher 
than that of wild-type Air, which immediately appeared 
to confirm our hypothesis that Tyr354 plays a role in 
determining the substrate range of Air. The highest 
serine racemase activity was shown by the Y354N-Alr 
mutant, which is particularly interesting in light of 
possible mechanisms for the evolution of an ancestral 
serine racemase activity in response to vancomycin
induced selection pressures, so the kinetic parameters of 
this mutant were analysed in more detail. 

Alanine racemases have been identified in many bacterial 
species and, recently, in a number of eukaryotes.[•l Sequence 
alignments of the prokaryotic enzymes demonstrate very strong 
conservation of active site residues, including Tyr354 (Figure 1 8), 
and therefore shed little light on the origin of the observed 
specificity. Interestingly however, VanT from Enterococcus ga/li
narum shares a strikingly high level of sequence homology with 
the G. stearothermophilus alanine racemase, yet possesses a 
serine racemase activity that is required for vancomycin 
resistance.C7l Alignment of the sequences of VanT and Air 
revealed 31 % identity and 66 % similarity and, further, suggested 
that the only active site residue that is not conserved between 
the two enzymes is Tyr354, which is replaced with an asparagine 
in VanT (Figure 1 B).C7l Comparative modelling of the two active 
sites suggests that the shorter side chain of this asparagine 
would not be able to hydrogen bond to the phosphate oxygen 
atom of PLP. We were therefore intrigued as to whether Tyr354 of 
Air plays the simple cofactor binding role implied by crystallog
raphy, or whether it plays some further role in defining the 
substrate specificity of Air. 

Table 1. Serine racemase activities of wild-type and Tyr354 mutant Air 
enzymes. 

Enzyme Serine racemase activity Relative activity 
[µmol min- 1 mg- 1]£•1 

Air 1.1 ± 0.1 1 
Y354N-Alr 89±7 81 
Y354A-Alr 59±8 54 
Y354Q-Alr 56±6 51 

[a] Results were measured at a substrate concentration of 40 mM ,-Ser. Data 
represent the means of four independent assays, each done in duplicate, ± 
the standard error of mean (5.E.M.). 

The Michaelis -Menten (KM) constants for Air and Y354N-Alr 
acting as both alanine and serine racemases were determined by 
using the assay described, with some modifications to ensure 
steady state conditions. The results (Table 2) confirm the efficacy 
of Y354N-Alr as a racemase with dual specificity for L-Ala and L
Ser. Introduction of the Y354N mutation had a negligible effect 
on the turnover number for L-Ala racemisation, although it 

Table 2. Steady state parameters for racemisation of ,-Ala and ,-Ser by Air and Y354N-Alr. 

Enzyme ,-Ala --+o-Ala ,-Ser--+o-Ser 
I(,, [mM] k,., [min- 1

] k,.,!K,, [min- 1 mM-1
] KM[mM] /(,,, [min- 1

] k"'/KM [min- 1 mM- 1
] 

Alr'1 4.4±0.2 1.1 ±0.1 X 105 2.5 X 1()4 nd" 1 nd1' 1 nd1' 1 
Alr"1 2.3 ± 0.1 5.1 ± 0.2 X 1()4 2.2 X HJ" 110 ± 10 9.2 ±o.9 x 102 8.4 Y354N-Alr£bl 9.4 ± 0.3 4.8 ± 0.2 X 1()4 5.1 X 103 75 ± 6 3.9 ± 0.1 x 104 520 
[a] Previously reported;~1 nd = not determined. [b] Results from this study. Values are listed as the mean ± 5.E.M. (n = 3), and each independent value represents the mean of duplicate assays. 
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resulted in a four-fold increase in KM, possibly attributable to 
cooperative effects on substrate binding in an altered active site 
environment. A considerably more pronounced effect was 
observed when L-Ser was the substrate, with Y354N-Alr display
ing a racemase activity (as measured by kca,/KM} 62-fold higher 
than the wi ld-type enzyme and a turnover number for L-Ser 
comparable to that of wild-type Air acting on 
L-Ala (Table 2). The ratio of the kca1/KM values for wild-type Air 
suggests a preference for L-Ala as a substrate over L-Ser by a 
factor of 2600-fold; this is relaxed to favouring L-Ala only ten-fold 
in Y354N-Alr. Interestingly, this preference has been relaxed even 
further in VanT, to the extent that activity against L-Ala is six-fold 
lower than against L-Ser.1•1 Significantly, our data demonstrate 
that the broadening of specificity observed in Y354N-Alr is due 
to a newly introduced ability to turn over L-Ser, rather than loss 
of activity against L-Ala ; the KM of this enzyme for L-Ser is only 
slightly improved over that of wild-type Air. 

Given that Tyr354 plays no direct role in catalysis, initially it 
appeared counterintuitive that its mutation to asparagine 
should lead to a 42-fold increase in the kcat. for L-Ser (Table 2). 
However, by considering the catalytic mechanism of Air along
side structural data, the increased serine racemase activity 
observed for Y354N-Alr can be rationalised. The active site 
architecture of Air in the PLP-L-Ala-P external aldimine form 
suggests that neither Tyr354 nor any other active site residue 
physically blocks the binding of amino acid substrates other than 
alanine.14l This is consistent with our observation that the Y354N 
mutation had a re latively minor effect on the KM for L-Ser and 
with the fact that o,L-cycloserine is a known inhibitor of Air. 
Mechanistically, the next step after formation of the external 
aldimine involves abstraction of the a proton of the substrate by 
either Lys39 or Tyr265' (depending on which substrate enan
tiomer is bound} to generate a planar carbanion intermediate 
that is stabilised by delocalisation of the negative charge over 
the pyridoxal ring . Critically, formation of this intermediate 
requires rotation of the substrate side chain such that it becomes 
oriented in the plane of the PLP ring, and points directly towards 
the side chain ofTyr354 (Figure 1 A}; simple space-filling models 
suggest that the presence of any side chain larger than the 
methyl group of alanine would result in significant steric 
hindrance of this process. 

We therefore propose that the specificity of Air for alanine is 
determined largely by the presence of Tyr354 in a subtle 
blocking role, by preventing intermediate formation and 
subsequent catalytic turnover of larger substrates. Consistent 
with this model, the data presented here _show that the principal 
effect of the Y354N mutation is on turnover, rather than KM. 

A number of corollaries can be drawn from this observation. It 
seems probable that the PLP phosphate is held rigidly in place 
by the five charged-neutral hydrogen bonds it forms with the 
side-chain hydroxy group ofTyr43, the side-chain hydroxy group 
and backbone amide NH groups of Ser204, and the backbone 
amide NH groups of Gly221 and lle222. It follows that the 
primary role of the Tyr354- PLP hydrogen bond is not immobi
lisation of the cofactor as previously supposed, but rather 
anchoring the side chain of Tyr354 in its specificity-determining 
orientation. That Y354N-Alr was the most active mutant analysed 

SHORT COMMUNICATIONS 
here may imply an additional role for the asparagine side chain 
in stabilising a transition state or intermediate in serine 
racemisation through provision of additional hydrogen bonds 
to the serine side chain hydroxy group, though this is less certain 
at this stage. Finally, the data presented here provide exper
imental support for one avenue by which resistance to 
vancomycin. might be acquired in susceptible bacteria. At the 
genetic level, a single base substitution (TAY->AAY} is sufficient 
to confer substantial serine racemase activity on Air without 
seriously compromising alanine racemase activity; this in turn 
suggests that Y354N-Alr represents a plausible intermediate in 
the evolution of an ancestral VanT-like enzyme. The turnover 
number of Y354N-Alr for L-Ser closely matches that of wild-type 
Air for L-A la so would presumably be sufficient to allow the host 
cell to synthesise physiologically relevant levels of o-Ser, albeit 
inefficiently due to the high KM. Having achieved catalytic 
turnover of L-Ser, the next step in the evolution of VanT would 
logically involve improvement in the recognition of serine, not 
necessarily at the expense of alanine racemisation; it is perhaps 
relevant in this regard that VanT shows significant racemase 
activity against alanine as well as serine.1•1 

In summary, we have identified a novel and key role of an 
active site residue in controlling the substrate specificity of 
alanine racemase by sterically blocking turnover, rather than 
binding, of alternate substrates and, in addition, we have 
provided experimental support for the evolutionary relationship 
between alanine racemase and VanT. 

Experimental Section 

Mutagenesis and protein expression 

The air gene was amplified by PCR from G. stearothermothilus 
genomic DNA and cloned into pUC19, with addition of a (-terminal 
(His}6 tag. Mutagenesis ofTyr354 was performed by the QuikChange 
method (Stratagene, La Jolla, CA}. Protein over-expression in mid-log 
phase E. co/i XL 1-Blue (Stratagene} cultures was induced by addition 
of isopropyl /3-0-thiogalactoside (IPTG} to 100 JJM. The (His}6-tagged 
proteins were purified to apparent homogeneity, as judged by SDS
PAGE, by metal chelate chromatography on a HiTrap column 
(Amersham Pharmacia Biotech} charged with Ni>+. Use of the (His}6 

tag precluded copurification of the E. co/i alanine racemase. 

Serine racemase assays 

Racemase assays were carried out essentially as described previous
ly.1101 Each reaction was performed in 100 mM CHES (2-(N-cyclo
hexylamino}ethanesulfonic acid, pH 9.1), 40 mM L-Ser and 60-
7000 ng enzyme. After 20 min incubation at 37 °( , the reaction was 
terminated by boiling for 5 min. The amount of o-Ser produced was 
determined by adding a 10-µL sample aliquot to colour develop
ment buffer (90 µL final concentrations: sodium phosphate buffer 
(pH 7.0), 100 mM; o-amino acid oxidase (DAAO}, 3.6 Unitsml-1; horse
radish peroxidase, 20 Units ml-1; o-phenylenediamine (OPD}, 
2 mg ml-1). This coupled assay allowed quantification of H20 2 

(produced by DAAO acting specifically on o-Ser} by its peroxidase
catalysed reaction with the chromogenic substrate OPD. Colour 
development was for 45-60 min at 37 °(, after which the reaction 
was stopped by addition of HC! (3M, 100 µL}. Signals were detected at 
492 nm and quantified by interpolation on a o'.Ser standard curve, 
linear over the range 0-40 nmol. 
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CHEMBIOCHEM 
Steady-state kinetics 

Assays were as described. above, except the incubation time for 
racemisation was shortened to 6 min to ensure that final product 
concentration remained less than 10% of the initial substrate 
concentration. Enzyme concentrations used in the analyses were: Air 
with L-Ala, 2.0 nM; Air with L-Ser, 2.5 µM; Y354N-Alr with L-Ala, 2.3 nM; 
Y354N-Alr with L-Ser, 40 nM. Products were quantified with o-Ala and 
D-Ser standard curves, which were constructed for each independent 
assay. Substrate ranges assayed were approximately 10 %- 200 % the 
KM value and analyses routinely included 5 data points. 
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Appendix B: 

Notes on the mathematics of randomised 

library construction 

Comprehensive notes describing the mathematics underlying the 

algorithms described in Chapter 3. Available as a PDF file at 

www.bio.cam.ac.uk/-blackburn/stats.html. 
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Notation: The following mathematical notation has been used: 

Sum up the values A; with i ranging from 1 to n. 
Multiply the values A; with i ranging from 1 to n. 

I:~1 A; 

fI~=l A; 
n! Factorial - i.e. [l~=l i = 1 X 2 X 3 X ... X (n -1) X n. (0! = 1, by definition.) 

( 
nr ) Combinatorial ncr - the number of ways of choosing r distinct objects out of 

a total of n distinct objects. Equal to r!(;~r)!. 

exp x and ln x are the natural (base e) exponential and logarithmic functions. 

1 Equiprobable variants 

Problem: Given a library .C of size L comprising sequences of length N base pairs, where 
each sequence is chosen at random from a set V of size V of equiprobable variants, we wish 
to calculate the expected number of distinct sequences in .C. 

Let v; be one of the V possible variants. Since the variants are equiprobable, the mean 
number of occurrences of v; in .C is >. = f,-. For >. « L (i.e. V » 1), the actual number of 
occurrences of v, in .C is essentially independent of the number of occurrences of any other 
Vj, j -::f i, so is well-approximated by the Poisson distribution 

e->-x• 
P(x) = -

1
- , x = 0, 1, 2, ... (1) x. 

where P(x) denotes the probability that v; occurs exactly x times in .C. The probability that 
v; occurs at least once in .C is 1 -P(O) = 1-e->- = 1 - e-Lfv. Hence the expected number of 
distinct variants in the library is C :::.:J V(l - e-L/V) and the fractional completeness is F = t? :::.:J 1 - e-L/V . If we wish to generate a library that will have an expected completeness of, 
for example, 95% then we must solve F = 0.95 :::} 1-e-L/V = 0.95:::} L = -V ln0.05 :::.:J 3V, 
i.e. we require a library size three times the number of possible variants. 

If however we wish to generate a library that has a 95% probability of being 100% 
complete then we must do a little more work. The probability that every variant v; is 
represented in .C is Pc = P( complete) :::.:J [1;(1 - e-L/V) = (1 - e-L/V) v. Solving for L gives 

L -Vln(l-exp('nJ'•)) 
:::.:J - V In ( 1 - ( 1 + In J'c ) ) 

- V In ( - In J'• ) , 

1 

(2) 



where the approximation holds provided V » - ln Pc (i.e. for any Pc that is not approxi
mately 0) 1 . Since one is generally interested in Pc values of order 90%-100% (and certainly 
> 1 %) this condition is generally true. For an example, if Pc = 95% and V = 1000000, then 
we obtain L ::::! l 7 x 106

• I.e. in order to generate a library which has a 95% probability of 
being complete, we require L = l 7 x 106

. 

These two distinct problems - a library that has an expected completeness of 95% and a 
library that has a 95% probability of being 100% complete - have sometimes been confused 
in the literature. 

GLUE is a simple FORTRAN 77 programme for calculating the expected completeness of a 
given library, or the library size required to obtain a desired completeness. It is available 
from the web address http : //www . bio . cam . ac . uk/-blackburn/stats .html. 

2 Error-prone P CR 

Problem: Given a library £. of size L comprising variants of a sequence of N base pairs, 
into which random point mutations have been introduced, we wish to calculate the expected 
number of distinct sequences in £.. 

We denote the mean number of point mutations per sequence by A and assume that A « N . 
Then the number of point mutations per sequence may be well-described by the Poisson 
distribution 

e->->.x 
P(x) = -

1
- , x = 0, l, 2, ... (4) 

x. 
where P(x) is the probability of there being exactly x mutations in the sequence. The exact 
mechanics of error-prone PCR may result in some deviation from Poisson statistics and 
it is left to the reader to judge how serious these deviations may be in her /his particular 
situation. The number of possible distinct sequences with exactly x mutations is given by 

V - ( N ) 3x - 3x N! 
x - x - x!(N - x)! (5) 

since ( 1: ) is the number of ways of choosing x bases to mutate and each of these may be 
mutated to any of three other bases giving the 3x term. Let £.x denote the sublibrary of £. 
containing those sequences in £. with exactly x mutations and let L., denote the expected 
size of £..,. Then Lx = P(x) x L . Assuming that these sequences are equiprobable, the 
expected completeness of£.., is given by 1 - e-L./v., provided V., » l (see §1). This is 
generally the case for x ~ l, especially if N is large, but not true for x = 0 for which Vo = l. 
The expected number of distinct sequences in £..,, x f:. 0, is therefore given by 

C., ::::J V.,(1- e-L,/V,) 
3" N! _ _ e-'>."L(N-x)! _ 

x !(N-x) !(l exp( s•N! )), x-1,2,3, ... 
(6) 

There is only one possible variant in £.0 (the original unmutated sequence) so if Lo » l then 
C0 ::::J 1. Since L0 = e->-L and L is generally large, this will only not be the case when A is 
large. In this case the sum of the remaining C., is very large and the contribution of Co is 
negligible. Hence it suffices to always approximate the first term in I.;~0 Cx by 1. So the 
total expected number of distinct sequences is 

6 I.:;:'=0 c., 
::::J 1 + I.:;:'=1 V.,(l - e-L./v.) 

1 '-'oo 3"N! (l ( e-'>.' L(N-x)!)) 
____________ +_L.,_x_=l x!(N-x)! - exp - 3• N! · 

(7) 

1 The interested reader is referred to Chapter IV.2 of Feller (1968) for a more rigorous approach, which 
results in 

(Ve-LfV)m 
Pm(L, V) = exp(-Ve-LfV) , (3) 

m! 
where Pm(L, V) is the probability that exactly m variants are not present in£,. Form= 0 (i.e. all variants 
are present) we have Pc = exp(-ve-LfV) =} L = - V ln(-¥ ), as above. Also, since equatio_n 3 is simply 
the equation for a Poisson distribution with mean Ve-LIV, we see that t he mean number of variants not 
present is v e-L/V, so the mean number of variants present is V - ve-L/V = V(l - e- L/V), also as above. 

2 



At face value the infinite sum may look rather daunting, but it turns out that we can make a 
few approximations. When L,, is small compared with the total number of possible variants 
V,, we may expect that almost every member of£,, will be distinct, in which case C,, ~ L,,. 
This occurs for large x values. Conversely, when L,, is large compared with V,, we may expect 
£,, to sample all possible variants in which case C,, ~ V,,. This occurs for small x values. 
We now derive conditions which describe where we can make these approximations and find 
that in most cases there is only one x value for which we can not ·use one approximation or 
the other. 

Since e' ~ 1 + E for lcl « 1 (or _1 - e-' ~ c), in the case where t; « 1, C,, = 
Vx(l - e-L./V.) reduces to Lx. In fact this approximation is accurate to 5% for lei < 0.1. We 
now derive a sufficient condition on x, given L, N and .X, such that t: < 0.1. Now (N;:;t)' = 

1 ( 1 )x L, _ e-">."L (N-x)! ->. ( >. ) x N(N-ll(N-2) .. . (N-x+l) ~ N-x+l ' so v. - -3-,- N! ~ Le 3(N-x+l) · For 
x » A, P(x) and hence Lx = P(x) x L become vanishingly small and t « 1 trivially2

. 

Hence, since A« N, we need only consider x «Nor, for concreteness, let us assume that 
x < If. Then N - x + 1 > N - x > 2f and t: < Le->. ( 2]._,)"'. Again since A< N, this 
decreases as x increases. Also 

Le->- (....L)"' = 0.1 
2N >. 

ln __Ql_ {:} xln 2N Le-" (8) 
{:} X (.X + ln o.1) / ln 2]._, 

~ 
>.-2.30-fnL 

In >.-0.69-ln N · 

Thus for all x > 1;;:!0:i;;2~nLN, t: < 0.1 and Cx ~ Lx. We shall denote this threshold by 
xu, i.e. 

(9) 

For example, for L = 1012
, A= 4 and N = 1000, Xu = 1; 4~0~~927;~~~0 ~ 4.2 (Figure 1). 

Note that Xu is mostly dependent on A. In particular for large A (e.g. A > 30 in the 
above example) Xu becomes negative (the denominator is always negative since A < N) 
and then Cx ~ Lx for all x (Figure 2). This may be inferred from the e->. factor in 
t; = ·-:;·L CN;:;t)' which goes rapidly to O with increasing A. On the other hand, as 
A ~ 0, Xu becomes In -;_-~·J0

69~1; N, where the magnitude of the denominator increases with 
decreasing A and again x,., decreases. This may also be inferred from the equation for t: : 
as A ~ 0, e->. ~ 1 and _xx ~ 0. In fact the only ways to make x,.. larger are to increase 
L or decrease N - though the condition A « N constrains the latter to some extent - for 
example, for L = 1020 , N = 100 and A= 1, x,, ~ 8.9. Figure 2 illustrates the dependence 
of x,., on L, N and A. It is clear that for reasonable values of L, N and A, x,.. ~ 10. 

Conversely, for t: sufficiently large, 1-e-L./V. ~ 1 and Cx = Vx(l - e-L./V.) reduces to 
Vx. In fact this approximation is good to 5% fort: > 3. We now derive a sufficient condition 

. L N d ' h th L, 3 g· (N-x)! - 1 > ( 1 )"' on x, given , , an "' sue at v. > . mce N! - N(N-l)(N- 2) . .. (N-x+l) _ N , 
we have t: = ·-:;·L (N;/)' 2". Le->. ( 3]._r)"', which increases as x decreases. Also 

Le->- (....L)"' 
3N >. 

xln 3N 

X 

3 
ln L 3_,. 

( A + ln f) / ln 3]._, 
>.+1.10-ln L 

In >.-1.10-ln N · 

(10) 

Thus for all X < lnY.~/~o27nLN' t: > 3 and Cx ~ Vx. We shall denote th~s threshold by Xt, 
i.e. 

Xt = ( A + ln i) / ln 3~ 
---------------

(11) 
2This can be shown rigorously - but is somewhat involved - and is valid provided N is sufficiently large 

or>- is sufficiently small (e.g. for .X::; O.lN and x 2: If, we require N ~ 20 for L ;S 108 and N ~ .30 for 
L ;S 1014 etc.) . These limitations do not, however, apply to the programme PEDEL (see below), in which t: 
is calculated directly rather than using x,. and x1 (see below). 
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Figure 1: Plot of C,, (solid bold lines) - the expected number of distinct sequences with exactly x 
point mutations, calculated using equation 6, for a library size L = 1012

, sequence length N = 1000, 
and mean mutation rate A = 4 (left) and A = 20 (right). Also plotted is L,, (thin dashed lines) -
the total expected number of sequences with exactly x point mutations. Using equation 9, Xu = 4.2 
(left) and 2.2 (right) while equation 16 gives x~ = 3.9 and 1.98 respectively. For x?: x~, C,, is very 
well approximated by L,,. In the case A = 20, C = ~::a C,, is dominated by the region where the 
L,, approximation holds. 
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Figure 2: Plot of the threshold value Xu = (>.+In °j.,1 )/In /iv as a function of mutation rate A for 
different library sizes L (left) and different sequence lengths N (right) . The bold lines corresponds 
to the case L = 1012 and N = 1000. For large .>., Xu becomes negative; also Xu increases with 
increasing Land decreasing N, but for all practical library sizes and for N;::; 100, Xu ~ 10. 

4 

1!ll; 1l 



D 1 c L 1012 ' 4 d N 1000 4+1.lO-ln 
1012 ~ 3 4 ror examp e, 10r = , A= an = , X1 = ln4-1.10-ln 1000 ~ · · 

In order to calculate the expected total number C of distinct sequences in £ , given 
by equation 7, we only need to calculate Cx in full (using equation 6) for x values where 
0.1 < t: < 3. We now show that in most cases there is only one such x value. Now 

and 

so 

Vx+l 3x+1 N! x!(N - x)! 
Vx (x + l)!(N - x -1)! 3"N! 

Lx+l e-A X"+1 L x! A 

3(N - x) 
x+l 

Lx (x+l)! e->.AxL x+l 

Lx+1/Vx+l Lx+l Vx A X + 1 A 
Lx/Vx = r::-vx+l = x + 13(N - x) = 3(N - x). 

(12) 

(13) 

(14) 

For x < N - 1 we have 3(fi-x) < 1, in which case t: decreases as x increases. Since A « N 

this will be the case for almost all x and in particular for x::; Xu- If L.tj~:*1 < fa between 
x = Xu and x = x1 then there will be at most one x value with 0.1 < t: < 3. But 

(15) 

where in the last approximation we have assumed x < Xu «Nin general. So for A < -ffi , at 
most one Cx value need be calculated in full (and with the initial assumption that A« N, 
this will generally be the case). 

While we have shown that there is generally at most one x value with 0.1 < ~ < 3, it 
is not necessarily the case that there is at most one x value with x1 < x < Xu since we used 
conservative approximations in the derivations of Xu and x1 . Since we have shown (Figure 
2) that, for all intents and purposes, Xu ;S 10 for reasonable values of N (e.g. N 2: 100), for 

. th .. ·t f d . (N-x)! - 1 b 1 x m e v1cm1 yo Xu an Xt, we may approximate N! - N(N-l}(N-2) .. . (N-x+l) Y N•, 

in which case the condition t: = 0.1 implies x = (A+ ln °l )/ ln /w So in most cases we 
may replace Xu in equation 9 with 

, ( 0.1) I A 
Xu = A + ln T ln 3N (16) 

and provided A ;S -ffi, x~ - Xt < 1. 
Using the above, equation 7 reduces to 

C E~=oCx 
1 + ._......, V """'"2

-
1 C """'00 L L..,x=l x + L..,x=s1 +1 x + L..,x=s2 x 

1 ._......, V ._......2-1 C L ._...,s2-1 L 
+ L..,,;=l X + L..,x=•1 +1 X + - L..,x=O X 

1 + E:'.:1 Vx + E:~~,+1 Cx + L X (1 - E:~~
1 

P(x)) 

(17) 

where S1 = lxiJ and S2 = I Xu l are the greatest integer less than Xt and the least integer 
greater than Xu respectively, Vx is calculated using equation 5, Cx is calculated using equa
tion 6 (if required, i.e. if s1 + 1 * s2 - 1), and P(x) is calculated using equation 4. Note 
that the last term in the sum can not be ignored - it dominates for larger A (e.g. see Figure 
1). 

Thus, in order to calculate the total expected number of distinct sequences C in a li
brary of size L, given N and A, we first use equations 9 (or 16) and 11 to calculate Xu 

and x1 and then we calculate the sum in equation 17. Examples are shown for various 
L , N and A in Figure 3. A simple FORTRAN 77 programme, dubbed PEDEL, to calcu
late C, Px, Lx, V,, and Cx, for given A, N and L, may be found at the web address 
http : //www . bio . cam . ac. uk/ ~blackburn/ stats. html. While Xu and Xt are conceptually 
useful , PEDEL simply calculates C,, using equation 6 until t: < 0.1 (at x = s, say) and then 
uses L x (1 - E:=o P(x)) for the remaining C.,. 
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Figure 3: Plot of the total expected number of distinct sequences C (bold lines) as a function of 
mutation rate ).. (left), library size L (centre) and sequence length N (right). Left: For N = 1000 
there are 41000 possible distinct sequences and as ).. increases a greater number of these are sampled. 
The C versus >. plot levels off when C is limited by the total library size L (thin line) . Centre: 
Even with only 4 (i.e. >.) mutations there are -3 x 1012 possible sequences while with 8 (i.e. 2)..) 
mutations there are -2 x 1023 possible sequences. Thus for ).. = 4, even in very large libraries, 
the degree of redundancy is fairly low and C is of the same order as L. The dashed line plots 
C = L for reference. Right: C changes very little with N for a fixed value of>. (in which case the 
mean mutation rate per base pair scales inversely with N) . For N = 100 there are -1015 possible 
sequences with 8 mutations, so a library of size 1012 (thin line) still has a fairly low (factor of -4) 
degree of redundancy. 

3 Recombination of near-identical sequences 

Problem: Given a library ,C of L sequences generated by random recombination of two 
near-identical genes differing at only a small number of known base pair (or codon) posi
tions, we wish to calculate the expected number of distinct variants in .C. 

As an example, Raillard et al. (2001) start with two sequences of 1425 base pairs differ
ing at 9 positions, giving a total of 29 = 512 possible daughter variants . They screened a 
library of L = 1600 shuffled variants. It is of interest to calculate what proportion of the 512 
possible variants we may expect the library to contain. Clearly this will depend upon (a) the 
mean number of crossovers introduced into the daughter sequences and (b) the spacing of 
the variable base pairs, since base pairs that are closely spaced are less likely to be separated 
by a crossover than base pairs that are far apart in the sequence. 

Suppose we start with two sequences S and S', each comprising N base pairs, and 
suppose that S and S' differ at M base pair positions with the varying base pairs being 
respectively A1 , Az, ... , AM and A~ , A~, ... , AM. For convenience we write S = A 1A2 ... AM 
and S' = A~ A; ... AM where we have omitted the intervening base pairs that do not differ 
between S and S'. There are 2M possible daughter variants Dk = At A~ .. . A XJ- where each 
A} = A; or A\. It is convenient to relabel the variants, not by the positions of the base 
pairs, but by the positions of crossovers . Thus we map each daughter variant Dk onto 
a binary sequence (sequence of l's and O's) Bk = btb~ ... bXJ-_ 1 where b} = 1 if there is 
an odd number (1, 3, 5, ... ) of crossovers between Af and Af+i and bf = 0 if there is 
an even number (0, 2, 4, ... ) of crossovers between Af and Af+i · q1early one crossover 
between consecutive variable base pairs produces exactly the same daughter variant as 3, 
5, 7,... crossovers , and similarly for an even number of crossovers. As an example, the 
daughter variant Dk = A 1A2A3A~A;A6 A7 .. . maps to Bk = 001010... . Note that the 
'inverse' sequence D~ = A~A~A3A 4 A 5A~A~ ... , formed from Dk by replacing A; by A; and 
vice versa, maps to the same binary sequence B~ = 001010 ... = Bk . There are 2M.-l such 
binary sequences, and a one-tocone correspondence between the binary sequences and those 
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daughter variants starting with A1 and a similar one-to-one correspondence between the 
binary sequences and those daughter variants starting with Ai. 

Suppose that the mean number of crossovers per daughter sequence is >. and suppose 
>. « N (large >. values correspond to small fragments in the reassembly reaction - a situation 
generally disfavoured by the requirement for annealing of complementary, overlapping frag
ments). We shall assume that the number of crossovers x and their positions in a particular 
daughter sequence follows a Poisson distribution with mean >. so that 

. e-A).X 
P(x) = --

1 
-, x = 0, 1, 2, ... 

x. (18) 

where P(x) is the probability of there being exactly x crossovers in the sequence. By using 
the Poisson distribution, we are ignoring some of the mechanics of the process (see for 
example Moore & Maranas 2000; Moore et al. 2001) and so the reader with knowledge of 
a more accurate probability distribution in his/her own particular situation may wish to 
modify the equations/results accordingly. 

We now calculate the relative probabilities of each binary sequence Bk . As mentioned 
above, these probabilities will depend on the relative spacing of the variable base pairs A; 
in S. If S has N base pairs then it has N - 1 spaces (potential crossover points) between 
base pairs. Let n; be the number of spaces between A; and A;+1 (so that I::!o n; = N - 1, 
where no and nM represent the number of spaces before A1 and after AM respectively). The 
probability of there being x crossovers between A; and A;+1 follows a Poisson distribution 
with mean ;J':1 . Hence 

P(b; = 0) P(x = 0) + P(x = 2) + P(x = 4) + ... 
e-n,>./(N-1) L~ -!, ( n,>. )"' 

x - 0,2,4, ... x. N-1 
e-n,>./(N-l) COSh( n,>. ) 

N-1 
e-n,>./(N-1) [ eni>./(N - 1)+2e- ni>./(N - 1) ] 

1 [ 2ni>. ] 2 1 + e- N-1 

(19) 

where cosh (} is the hyperbolic cosine function defined by cosh (} = e• ±
2•-• • The third equality 

follows from the identity e8 = L~o ~~ . Similarly sinh (} is the hyperbolic sine function 
fi . ll - e• -e-8 - "'DO 0• s de ned by smho - - 2- - L..x=l,3,5 , . . . xf· owe have also 

P(b; = 1) P(x = 1) + P(x = 3) + P(x = 5) + ... 
e-n,>./(N-1) Loo- J_ ( n,>. )"' 

x-1,3,5, .. . x! N - 1 
e-n,>./(N-1) sinh(~) N-1 
e-n,>./(N-1) [ eni>./(N-1)_

2

e-ni>./(N-1) ] 

1 [ ~] 2 1- e- N - 1 • 

(20) 

For ;;'~~ « 1, i.e. for closely spaced variable base pairs, this approximates to ;J'_\ and is 
small. 

For the example of _Raillard et al. (2001), M = 9, so there are eight P(b; = 0) and 
eight P(b; = 1) probabilities to be calculated. All possible products P(Bk) = [I~=l P(b}) = 
[I s_ e-n,>./(N-1lsch(n,>.) = exp(->.I.:~- 1n')fI8

_ sch(n,>.) where schB = coshB if i-1 N- 1 N-1 i-1 N-1 , 
b} = 0 and sch (} = sinh 8 if b} = 1, can then be calculated ( there are 28 = 256 possibilities -
easily calculable by computer) . Each corresponds to the two equiprobab\e inverse sequences 
represented by the same binary sequence and, when divided by 2, these 256 products give 
the relative probabilities Qk = P(f•l of the 512 possible daughter variants Dk. 

Given a particular daughter variant Dk, the probability that a given sequence in the 
library is not Dk is 1 - Qk so the probability that Dk does not occur at all in a library of 
size Lis (1- Qk)L. Hence the probability that Dk does occur in the library is 1- (1...:. Qk)L 
and the expected number of sequences in the library is I:!~2

1 1 - (1 - Qk)L. 
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Figure 4: The expected number C (thin lines) of distinct sequences in a library of size L as a 
function of >._true for various library sizes (ranging from 32 (lower curves) to 8192 (upper curves)) 
and for various positions of the variable base pairs. In all cases a sequence length of 500 base pairs 
is assumed and the number of variable base pairs is fixed at 9. Left: variable base pairs at positions 
50, 100, 150, 200, 250, 300, 350, 400, 450. Centre: variable base pairs at positions 100, 110, 120, 
130, 140, 150, 160, 170, 180. Right: variable base pairs at positions 100, 101, 102, 103, 104, 105, 
106, 107, 108. C increases with increasing L and increasing >.. and is greater if the variable base pairs 
are well-spaced along the sequence. C levels off at the total number of possible distinct sequences 
(512 in this case (bold line)) unless constrained by L (e.g. for L = 32, 128 above). For very large>.. 
(especially for well-spaced variable base pairs), C becomes independent of>... 

In general then, for two parent sequences of length N that differ at M positions, a mean 
crossover rate of >.. and a library of size L , the mean expected number of distinct daughter 
variants in the library will be 

C Lkl-(1-Qk)L 

2 ~1 °'"'l °"1 l l 1 -A L.Ji-J n,: IT -1 h ni,\ 
[ ( ( 

,._.M-1) M ( ))L] 
L.,b,=0 L.,b2=0 ... L.,bM-1=0 - - 2 exp N - 1 i=l SC N-1 

(21) 
where sch B = cosh B if b; = o and sch B = sinh B if b; = 1. C increases with library size 
and is larger if the variable base pairs are well-spaced rather than being clustered together 
(Figure 4). 

Up until now we have assumed that >.. = >._true is known. It is apparent however that 
many. crossovers may not in fact be observable - e.g. two crossovers between two adjacent 
variable base pairs looks like no crossover at all. Similarly, a crossover at either end of 
the sequence - not containing any variable base pair - is also not observable. In fact the 
observed crossovers are exactly equivalent to the presence of a '1' in the binary sequence Bk 
corresponding to a given daughter sequence. Hence the mean number of observed crossovers 
per sequence is 

>._Obs = L,P(Bk)p(Bk) (22) 
k 

where p(Bk) is the number of 'l's in the binary sequence Bk . Now Lk P(Bk)p(Bk) is a sum 
of the form Lj a1 exp(b1>..true) for some values a1, b1, which in general is not analytically 
soluble for >._true in terms of >._ohs . However, by trying various values of >._true and calculating 
>._ohs, one may find by trial and error the value >._true that reproduces a given >._ohs_ 

Note that it is impossible to have >._obs > M;1 : if >._true is very large, then the variable 
base pairs will be essentially randomly assigned in each daughter sequence and all possible 
daughters will be essentially equally likely - giving a 50 per cent probability of an observable 
crossover between any two variable base pairs (equation 20, as>..-+ oo). Once >._true is large 
enough so that all possible daughter sequences are essentially equally likely, increasing >.. true 
further will have no effect on the mean number of distinct sequences C in the library. At 
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this point C depends only on L, the library size. The problem essentially reduces to the 
problem of equiprobable variants of §1. 

A simple FORTRAN 77 programme to calculate C, P(bi = 0), P(bi = 1), P(Bk) and 
>.obs , given N, M, L, >. and the positions of the variable base pairs, may be found at the 
web address http://www.bio.cam . ac .uk/-blackburn/stats . html. For most intents and 
purposes the programme may be used equally well on sequences of base pairs or sequences 
of codons. The only proviso is that if codons are treated as the basic unit, then one tacitly 
ignores that crossovers occurring within variable codons may or may not lead to an observable 
crossover, and may in fact lead to new amino acids not present in either parental sequence. 
In the Raillard et al. (2001) case with N = 1425, M = 9, L = 1600, >.0 bs "' 2 and the 
positions of the variable base pairs being 250, 274, 375, 650, 655, 757, 763, 982, 991 , t rial 
and error indicates that the true mean number of crossovers per sequence is >,true "' 10, 
for which value the library is expected to contain -171 distinct variants out a total of 512 
possible variants . The biggest factor leading to the low diversity is the close spacing of the 
base pairs 650 & 655, 757 & 763, 982 & 991, between which crossovers are unlikely to occur. 
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Appendix C: 

GLUE 

The Fortran 77 programme for estimating library completeness and/or the 

probability of having a complete library for oligonucleotide-directed random 

mutagenesis and other scenarios in which all variants are equally probable. 
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Appendix C: GLUE 

GLUE 

c Andrew Firth and Wayne Patrick, August 2002 

c Programme for calculating any of the following 
C 

c 1 ) the expected completeness of a given library 
C 

c 2) the required library size for a given expected completeness 
C 

c 3) the required library size for a given probability of being 100 % 
c complete 
C 

c where the sequences in the library are chosen at random from a set of 
c equiprobable variants. 

implicit none 
integer mode,query 
real*B p,pO,mode i,var , L,T 

print* 
print* ,' GLUE 
print* , ' Programme for libraries comprising a random ' 
print*, ' sampling of equiprobable variants 
print* ,' By Andrew Firth and Wayne Patrick 
print* ,' ************** 
print* 

5 print* , 
' Enter the number of possible equiprobable variants ' 

print* ,' (e.g. 1000000) 
read* , var 
if (var.lt.10 . ) then 

print*, ' Warning - number of variants very smal l ' 
print*, ' Poisson statistics may be compromised ' 
print* 
print*, 'Would you like to either 1 ) continue anyway;' 
print*, 

read*,query 
if (query.eq.1) then 

goto 6 
else 

goto 5 
end if 

end if 

6 print* 

or 2) enter a greater number of variants? ' 

print* , ' Select running mode ' 
print* 
print*, 

' 1) find the expected completeness for a given library size ' 
print* , 

'2) find the library size for a given expected completeness' 
print*, ' 3) find the library size for a given probability of being ' 
print*, ' 100 % complete ' 
print* 

10 print*, 'Please enter your choice (1 , 2 or 3):' 
read* ,mode_i 
mode=int(mode i) 
print* 

if (mode.eq.l) then 
14 print* , 'Enter the library size (e .g. 3000000) 

read*,L 
print* 

273 

1
111 

I 

-- ----- --- -



Appendix C: GLUE 

15 

pr i nt* , ' Number of possible variants= ', var 
p ri nt* , 'Library size = ', L 
print* , ' Expected completeness= ', 1 .-exp( - L/var) 
print* 
print* , ' Would you like to:' 
print* 
print*, ' 1) 
print*, ' 2) 
print*, ' 3) 
print* 

enter 
try a 
go to 

a different library size? ' 
different running mode? ' 
the pub?' 

print* , ' Please enter your choice (1 , 2 or 3): 
read* , T 

if (T.eq . 1) then 
print* 
goto 14 

else if (T .eq . 2) then 
goto 6 

else if (T . eq.3) then 
print* 
print* , ' See you there . . . make mine a Guinness ... ' 
goto 100 

else 
print* ,'I said an integer, 1 - 31 • 
goto 15 

end if 

else if (mode . eq.2) then 
16 print* , ' Enter the required completeness (e . g . 0 . 95) 

r ead*,p 

17 

18 

print * 
print*, 'Number of poss ibl e variants= ', var 
print* , ' Expected completeness ', p 
print* , ' Required library size= ',-var*log(l. - p) 
print* 
print* , ' Would you like t o :' 
print* 
print* , ' 1) enter a different required level of completeness? ' 
print* , ' 2) try a different running mode? ' 
print*, ' 3) go to the pub? ' 
print* 
print* , ' Please enter you r choice ( 1 , 2 or 3) 
read* , T 

if (T . eq.1) then 
print* 
goto 16 

else if (T.eq . 2) then 
goto 6 

else if (T . eq.3) then 
print* 
print* ,' See you there . .. make mine a Guinness ... ' 
goto 100 

else 
print*, 'I said an integer , 1 - 3 1' 
goto 17 

end if 

else if (mode.eq.3) then 
print* , ' Enter the required probability that the library is ' 
print*, ' 100 % complete (e.g. 0.95): ' 
read* , pO 
if( - log(pO)/var.ge.0.1) then 

print* , ' Warning - probability too small to continue' 
print*, ' Restar.ting ' 
print* 
goto 5 

end if 
print* 
print*, 'Number of possible variants ',var 
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19 

print*, ' Probability that the library is 1 00% complete= ',pO 
print* ,' Required library size= ',-var*log( - log(pO)/var) 
print* 
print*, ' Would you like to :' 
print* 
print*, '1 ) 
print* , ' 2) 
print* , ' 3) 
print* 

enter 
try a 
go to 

a new probability for 100% comp l eteness? ' 
different running mode? ' 
the pub? ' 

print* , ' Please enter your choice (1 , ·2 or 3) : 
read*, T 

else 

if (T . eq .1) then 
print* 
goto 18 

else if (T . eq . 2) then 
goto 6 

else if (T.eq.3) then 
print* 
print* , 'See you there ... make mine a Guinness . .. ' 
goto 100 

else 
print* , ' I said an integer, 1 - 3! ' 
goto 19 

end if 

goto 10 
100 end i f 

print* 
end 
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Appendix D: 

PEDEL 

PEDEL, the Programme for Estimating Diversity in Error-Prone PCR 

Libraries, and the related application stats.batch (which outputs 

the compositions of individual sub-libraries). 



Appendix D: PEDEL 

1. PEDEL 

c PEDEL: Programme for Estim~ting Diversity in Error-prone PCR Libraries 
C 

c Andrew Firth and Wayne Patrick, August 2002 

c Programme to calculate the expected number of distinct sequences in an 
c epPCR library. 

c Asks for sequence length N, library size L, and mutation rate lambda. 
c Calculates expected number of distinct sequences in the library. 
C 

c See also stats.f for intermediate statistics . 
c Use PEDEL . batch.f to run for a grid of lambda , Nor L values. 
C 

c Uses the Cx - Lx approximation when Lx/Vx < 0.1 but doesn't bother 
c with the Cx - Vx approximation for Lx/Vx > 3 

implicit none 
real*B L,lambda, Cx , Lx ,Px,Vx,Csum,Psum,Nr 
integer i , N 

print* 
print*, 'PEDEL: Programme for Estimating Diversity in' 
print*,' Error-prone PCR Libraries 
print*,' By Andrew Firth and Wayne Patrick 
print* ,' *************** 
print* 
print* , 'Enter the library size (e . g. le9): ' 
read* , L 
print* , ' Enter sequence length (e . g . 1000):' 
read*,Nr 
N=int (Nr) 
if (N.lt.1) then 

N=l 
end if 
print*, 'Enter mean number point mutations per sequence (e.g. 4):' 
read*,lambda 
print* 

Csum=l . 
Psum=exp( - lambda) 

i=l 
Px=exp(-lambda)*lambda 
Lx=L*Px 
Vx=3.*float(N ) 
do while (Lx/Vx .gt . 0.1) 

Cx=Vx*(l.-exp(-Lx/Vx)) 
Csum=Csum+Cx 
Psum=Psum+Px 
i=i+l 
if (i.gt.N) then 

goto 100 
end if 
Px=Px*lambda/float(i) 
Lx=L*Px 
Vx=Vx*3 . *float(N- i+l)/float(i) 

end do 
Csum=Csum+L*{l.-Psum) 

c Sort of fudge here (only comes up where Poisson assumption is 
c violated anyway) . 

if (N.lt.50) then 
if (Csum.gt.4.**N) then 

Csum=4 .** N 
end if 
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100 

end if 

continue 
print ' (A , el0.2)' 
print' (A,el0.2)' 
print' (A , el0.2) ' 
print' (A,el0.2)' 

'Library size =',L 
' Sequence length = ' ,float(N) 
'Mean muta t ions/sequence = ', lambda 

' Expected number of distinct sequences in library = ', Csum 
print* 
print* 

end 

2. Stats.batch 

c Programme to output some of the epPCR statistics (batch mode) 
C 

c Andrew Firth and Wayne Patrick , August 2002 

c Asks for sequence length N, library size L, and mutation rate lambda. 
c Takes x=0 , 2,3 , . .. , 20 
c Calculates statistics for sequences with exactly x mutat i ons (expected 
c total number in L (Lx) , total number of distinct sequences (Vx) , and 
c the expected number of distinct sequences in the library (Cx)). 
C 

c Also use PEDEL.f to sum over all x values , i.e . to calculate the total 
c expected number of distinct sequences in the library L. 

implicit none 
real*B L,lambda,Px,Lx , Vx ,Cx,xfac , nfac , Nr , cxO 
integer i , N, maxx 

print * 
print* ,' 
print* ,' 
print* ,' 
print* , ' 
print* 

Programme for some intermediary statistics ' 
used in PEDEL 

By Andrew Firth and Wayne Patrick 
*************** 

print* , 'Enter the library size (e.g . le9) 
read*,L 
print* , 'Enter sequence length (e.g . 1000) :' 
read* , N:t 
N=int(Nr) 
if (N.lt.1) then 

N=l 
end if 
if (float(N) .ne.Nr ) then 

print* , 'N = ', N 
end if 
print* , 'Enter mean number point mutations per sequence (e.g. 4):' 
read* ,lambda 
print* 
print*, ' Writing statistics to file stats.dat ' 
print* 
print* 

open(l ,fil e= ' stats . dat ' ) 
write(l,*) ' x exact number of mutations per sequence ' 
write(l,*) 'Px Poisson probability of x mutations , given lambda ' 
write ( 1, *) 'Lx expected number of sequences in library with' 
write(l,*) exactly x mutations' 
write ( 1, *) 'Vx riumber of possible variants with exactly x' 
write(l,*) mutations' 
write(l,*) 'Cx expected number (approx.) of distinct variants' 
write(l , *) in library with exactly x mutations' 

------
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write (1 , *) 
write ( 1 , *) 'See programme notes for more details' 
write ( 1, *) 

write(l,*) X Px 

if (L*exp( - lambda) .lt.1.) then 
cxO=L*exp( - lambda) 

else 
cxO=l. 

end if 

Lx Vx 

write(l,100) 0 , exp( - lambda),L*exp(-lambda) , l. , cxO,cxO 
xfac=l. 
nfac=l . 
maxx=20 
if (maxx.gt.N) then 

maxx=N 
end if 
do i=l , maxx 

xfac=xfac*float(i) 
nfac=nfac*float(N-i+l) 
Px=exp( -lambda)*lambda**i/xfac 
Lx=L*Px 
Vx=3.**i*nfac/xfac 

Cx Cx/Vx' 

c if (float(i) . le . ( (lambda+log(O.l/L))/log(lambda/2./float(N) )) ) 
c then 

if (Lx/Vx . gt.0.1) then 
Cx=Vx*(l. - exp( - Lx/Vx )) 

else 
Cx=Lx 

end if 
write(l , 100) i , Px , Lx , Vx,Cx , Cx/Vx 

100 format(i4 , el0.2 , e l 0 . 2 , el0 . 2 , el0.2 , el0 . 2) 
end do 

end 
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Appendix E: 

DRIVeR 

The Fortran 77 programme for estimating Diversity Resulting from In Vitro 

Recombination. The parameters describing the two sequences to be 

recombined must be entered into a separate file, setup.dat, prior to executing 

DRIVeR. An example of setup.dat (in this case describing the sequences 

shuffled by Rail lard et al., 2001) is also given. 
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1. DRIVeR 

c DRIVeR: Diversity Resulting from I n Vi t ro Recombination 
C 

c Andrew Firth and Wayne Patrick , August 2002 

C I !!! ! !!!!!!! ! I!!!! ! ! !! ! I !! ! ! !!! !!!! ! ! ! !! ! !!!!! !! !! ! ! ! ! ! ! 
C ! I 

c 11 ENTER PARAMETERS IN FILE setup.dat BEFORE RUNNING 
C I I 

C I I I I I I I !! I!! !! I I I! I I I I I I I I I I I I I I I I ! I! I I I I I I I I ! I ! I! I I I I I I 

c Read in sequence length N, mean number of crossovers per sequence 
c lambda, library s i ze L, number of variable base-pairs (codons) M 
c (max = 20) and their positions A(i) , i=l , M. Calculate the 
c probabilit i es P(b_i =O) , P(B_ i=l) of there being an even or odd number 
c respectively of crossovers between consecutive variable base - pairs 
c A(i) and A(i+l). Calculate the relative probabilities of each of the 
c 2AM possible daughter sequences and the probability that each daughter 
c sequence will be present in the library . Sum these probabilities to 
c find the expected number of distinct sequences in the library. 

c Also outputs file dr i ver . dat (probability for each daughter sequence) 

c Al so outputs the observed lambda for a given i nput true lambda. The 
c user should try different input lambda values until the known observed 
c lambda is r eproduced . 

implici t none 
integer i , k , N,L, M,A(20),nn(20),b( 2 0) , sum , lct 
real*B lambda , Pb0(20) , Pb1(20) , lnn(20) , lobs 
real*B PBk(2000000) , Xk(2000000) , Xk2(2000000) , Xksum , Xk2sum 

print* 
print* ,' DRIVeR : Diversity Resulting from In Vitro 
print * ,' Recombination 
print* ,' By Andrew Firth and Wayne Patrick 
print* , ' *************** 
print* 
print * , 'Reading parameters from file setup . dat ' 

lobs=O. 

c Read in setup data 
open(l,file= ' setup.dat ', stat us= ' old ' ) 
read(l , *) N 
read(l,*) lambda 
read(l , *) L 
r ead(l,*) M 
do i =l,M 

read (l,*) A( i ) 
end do 

c Calculate probabilities P(b i=O) and P(b i = l) for an even or odd number of 
c crossovers be t ween consecutive varying base - pairs A( i ) and A(i +l) 

C 

C 

C 

C 

print* 
print*,' n i n i*lambda/N- 1 
do i = l , M-1 

P(b i=O) P (b i =l ) I 

number of space s betwe en A( i ) and A(i +l) 
nn(i) =A(i +l )-A(i ) 
poisson l amb da f o r the inte rval 
l nn(i) =float(nn(i) )*lambda/float(N- 1) 
P (even no . c rossovers in interval) 
PbO(i)=exp(-lnn(i) )*cosh(lnn( i )) 
P (odd n o . crossovers i n interval ) 
Pbl(i)=exp( - lnn (i ) )*sinh( l n n (i )) 
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pri nt ' ( i5 , fl2 . 4 , fl4 . 4 , flO. 4) ' , nn ( i) , lnn ( i) , PbO ( i) , Pbl ( i) 
end do 

c Encode possible daughter sequences as binary sequences (1 = odd number 
c of crossovers , 0 = even number of crossovers) and calculate their 
c probabi li ties P(B k). By symmetry , we only need to cal culate 
c probabi l ities for half (2A(M-l)) of the possible daughter sequences. 

open(2,file= ' driver.dat ' ) 
write(2,*) 'label probability binary code' 

c sequences label l ed 1,2 , 3 , .. . ,2A(M- l) 

C 

C 

C 

C 

C 

C 

C 

C 

C 

101 

do k=l , 2**(M-l) 
lct=O 
sum=k 
PBk (k) =l. 
M- 1 binary digits 
do i=l , M-1 

b(i) is the binary sequence 
b(i)=sum-2*int(sum/2) 
if (b(i) .eq . O) then 

calculating probability 
PBk(k) = PBk(k)*PbO( i ) 

e l se if (b(i) . eq. l ) then 
calculating probability 
PBk(k)=PBk(k)*Pbl(i) 
count observable crossovers for lambdaAobs 
lct=lct+l 

else 
stop 

end if 
sum=(sum- b(i))/2 

end do 
PBk(k)*0.5 since each binary sequence corresponds to two 
'inverse ' daughter sequences 
write(2 , 101) k,PBk(k)*0.5, ' ', (b(i) , i=l , M-1) 
format(i6 , el2 . 3 , A, 20il) 
Calculate lambdaAobs - the mean number of observable 
crossovers per sequence 
lobs=lobs+PBk(k)*float(lct) 

end do 

c Calculate expected number of variants in library 
Xks um=O. 

C 

C 

Xk2sum=O . 
do k=l , 2** (M-1) 

using approximation 
Xk(k)=l.-exp( - L*(PBk(k)*0.5)) 
no approximation 
Xk2 ( k) =l . - ( 1. - ( PBk ( k) * 0 . 5) ) * *L 
Xksum=Xksum+Xk(k) 
Xk2sum=Xk 2sum+Xk2(k) 

end do 
c t imes 2 to get _full number of daughter s equences 

Xksum=2. *Xksum 
Xk2sum=2.*Xk2sum 
print* 
print* , ' File driver . dat gives the probabilities for half of the ' 
print*,' possible sequences. The other half are symmetric .' 
print* 

c print*, 'Expected number of distinct sequences= ' 
c print' (fll.l , A, fll.l , A) ', Xksum,' (approx) ', Xk2sum , ' (no approx)' 

print' (A,fll.l) ', 'Expected number of distinct sequences ',Xk2sum 
print ' (A , fll. 4) ', 

'Me an number of. observable crossovers per sequence ' ,lobs 
print* 
print* 

end 

------- -- - .,.... __ _ 
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2. Setup.dat 
1425 
10 
1600 
9 
250 
274 
375 
650 
655 
757 
763 
982 
991 

#N - number of base pairs (codons) 
#l ambda - true mean number of crossovers per sequence 
#L - library size 
#M - number of variable base - pairs (codons) (max 20) 
#Positions of variable base - pairs (codons ) t in order ! 
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