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Abstract

Owing to the magnitude of the utilisation of organophosphorus (OPs) indestamd

the possibility of using OPs nerve agents (NA) against civilian popuoktithe
research and development of enzymes involved in the biotransformation and
detoxification of OPs has attracted considerable attention in recent years.

A number of enzymes have been identified that can catalyse the hydaodlysis
OPs, including nerve agents. Two of the best characteris&savelomonas diminuta
phosphotriesterase (PTE) and PON1, a mammalian member of the (Beaoronase
(PONSs) family. These enzymes have excellent catalytic propéstiesds some OPs,
but relatively poor activities against others. It has been possibleetdPTE substrate
specificity by rational site-mutagenesis, but with little improvets®n the wild-type
rates. A more successful approach has been the application of diegotation
strategies.

The aim of the present work has been to create variants of PthEawi
increased catalytic efficiency towards OPs nerve agents. Toethis a directed-
evolution platform was developed to enable screening for organophosphatage acti
This methodology relies on the screeningBsicherichia colicolonies transformed
with PTE-variant libraries.

Twelve fluorogenic NA analogues, with a 3-chloro-7-hydroxy-4-
methylcoumarin leaving group, were tested for suitability as satbstfor PTEs and
PON1. Included in this series were analogues of the pesticideoxBar and
Parathion, and the chemical warfare agents DFP, Dimefox, Tabun, Ggclosarin,
Soman, VX, and Russian-VX . These chemical surrogates have arstniicture but
do not share the same physico-chemical properties as the nerve agents themselves.

The directed evolution platform developed and used consisted of two parts.
First, partially lysedEscherichia colicolonies were screened using the fluorogenic
nerve agents analogues as probes. Second, the selected (positive) elengsown
in microplates filled with liquid medium, and their organophosphataseitgcivas
measureadn vivo.

Several gene libraries were synthesised in each of which four coddhs of

residues forming PTE’s substrate binding site were selectiveioraised. The PTE
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variant S5a was used as template for the libraries, as itssgsrat 20-fold higher
level than the wild type, in bacterial hosts, while retaining itstkin@operties for the
wild-type substrate, Paraoxon. These libraries were screened using analogues of
Russian-VX and Parathion as probes; approximatélglbdes were screened in total.
The twenty most active variants, as determimedvo, were expressed, purified, and
their kinetic parameters for Paraoxon and the NA analogues were determined.

PTE-S5a itself hydrolysed 8/VX, 9/Sarin and 10/Russian-VX analogues
between 2.5 and 3.5 times more readily than PTE-wt. In contrast, tolBHiSisman
and 12/Cyclosarin analogues its activity, was only 70% of that ofwilte type
enzyme.

Three of the selected clones, PTE -A (1106T), C (I106L), and H
(1106 T/F132V/S308A/Y309W), exhibited a highde, than PTE-Sb5a towards
Paraoxon. The latter exhibited a 5-fold increased in its turnove(¥a@16 &); this
rate is higher than that of tirevitro evolved PTE-H5 (26,294%

PTE variants A (1106T), C (1106L), D (I1106A/F132G), E (1106V/F132L), and
F (1106L/F132IG) exhibited between 2 and 4-fold increases in kagiKy towards
the Paraoxon analogue relative to PTE-S5a. Variants Q (G60V/I106L/ S388G)
(G60V/1106M/L303E/S308E), and T(G60V/I1106S/L303P/S308G) showed between 2
and 14-fold improvements in their activities towards Russian-VX, Soarah
Cyclosarin analogues. The selectivity for this latter group towards phospheAa
analogues increased up to'%6ld, relative to the wild type PTE.

Each PTE monomer binds two divalent transition metal ions via geclos
four histidines (His-55, His-57, His-201 and His-230) and one aspartgte3(49. In
addition, the two metal ions are linked together by a carbamate furctjong,
formed by the carboxylation of the-amino group of Lys-169 and a water (or
hydroxide ion) from the solvent. A case study is presented in which usingiteth s
directed mutagenesis and directed evolution strategies, the possibikiylacing the

carboxylated lysine (Lys-169) by any other residue was assessed.
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To understand the significance of the Great Reoitat.. one must have
lived at Fez, a city of learning which seems toehagen constructed
around the schools...when one is pronounced readhéoGreat
Recitation by the schoolmaster, one immediatelggmfom childhood to
man’s estate, from anonymity to fame.

Amin Maalouf, 1986. Leo The African.

Vi
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Chapter 1. Introduction

Chapter 1 Introduction

1.1 Enzymes

In nature, enzymes are responsible for catalysing and controlling ntbst diemical
reactions involved in the biological metabolism. Their spectacul&iezfty and
versatility has allowed life to permeate into almost every aeicvironment on the
planet. Two examples of enzymes, occurring in the nature today, can beoused t
highlight their importance in life processes.

The neurotransmitter, acetylcholine, spontaneously degrades to its
constituents, acetate and choline, over approximately 3 ygar$. (in the presence of
the enzyme, acetylcholine esterase (AchE), the same reactienplake in less that
0.1 milliseconds (Harel, Schalk et al. 1993). This-fold acceleration, permits
careful control of the size and duration of the postsynaptic potentibkisynaptic
clefts.

Pyrococcus furiosuss a hyperthermophile that inhabits continental and
submarine hydrothermal systems worldwide, where it growths (optimailyjigh
temperatures (100 °C) and pressures (3 bar) (Lloyd 189%yriosuscitrate synthase
(CS), an enzyme that synthesises citrate from oxaloacetate atyt@oA in the
Tricarboxylic acid cycle, is structurally identical to the CSasedl from an Antarctic
bacterium DS2-3R (Russell, Ferguson et al. 1997) (Russell, Gergte1£98). This
implies that both enzymes share the same ancestor capable afigdapivo extreme
thermal conditions (Arnold, Wintrode et al. 2001).

AchE highlights the impressive catalytic power of enzyniresiuriosusCsS,
their adaptability. Precisely because of these properties, amongs, dtiexe is a

great deal of interest in enzyme-derived technology.

1 Time at which half of the reaction has proceeded.
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1.1.1 Enzyme structure

Enzymes are proteirfsand, as such, linear polymers of amino acids linked by peptide
bonds into a specific sequence. The peptide bonds are formed via a dehydration
synthesis reaction between the carboxy group of the first amino agjdwi@ the
amino group of the second amino acid:{N There are twenty amino acid in the
standard repertoire of the cell, and given subsequent post-translatiodiéications
(phosphorylation, methylation, glycosylation, etc.), and addition of cofactors and
prosthetic groups (metal ions, flavin, riboflavins, heme groups, etc.), enzyemes
approximately 200 chemical groups available to be use by enzymes (Smith i2000);
has been conservatively estimated that in eukaryotes more than teat disiture
protein molecule species are generated from every genetically engolypeptide
chain (Kent 2004).

Although it has been found that some functional protéinack folded
structure under physiological conditions (Tompa 2002), the polypeptide chains of all
known active enzymes exhibit a well defined structure. This strutumached by
the folding of the polypeptide chain in what can be roughly describe asaechieal
folding assembly. The primary structure, or assembly, is defined by tim® atid

sequence itself, without regard to any of its possible spatial arrangements.

1.1.1.1 Secondary structure

To define the secondary structure it is necessary to review thee ratthe peptide

bond. The polypeptide chain has three degrees of freedom per residue (dihedral
angles): the twist about the N C*; bond axis §), that about the ¢ — C; axis @),

and the one about’C- N.i, the peptide bonddaf). The peptide bond however, is
effectively planar given the significant delocalisation of the lone @faelectrons of

the nitrogen onto the carbonyl oxygen. This partial double-bonded character allows
only values ofw = 0° (cis) or 180° (trans), with a 75 — 90 kJ/mol (18 — 21 kcal/mol)

energy barrier between the two configurations. Owing to steric hindrdretans

2 Those constituted by RNA, or mixture of both, tenclassified as riboenzymes.
3 The role of these natively unfolded proteins ineslvegulatory activities without intrinsic enzyngati

properties.
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conformation is much more populated than de(999:1). This holds true for all
residues except proline, for which the ratio can be as high as 7:&. igsdrictions
also apply tapand ¢ angles; the conformation space that is accessilgbatal ¢/, can
be represented by a two-coordinate veami/) known as Ramachandran space.
Secondary structure then, refers to the arrangements of the polypdyatide
into a relatively regular hydrogen bonded structures, which maps to spegitos of
the Ramachandran space. There are mainly two such structureshéti® (— 57, —
47) in which the O group makes a hydrogen bond withsN, the C=0 groups
lying parallel to the axis of the helix and the side chains of pointimy &em it; and
B-sheet (119, +113), in which parallel or antiparallel extended polypeptidescha
make hydrogen bonds between the C=0 groups of one and NH of the other. The side
chains in this case, alternate on opposite sides of the sheet. arbeeaefew other
secondary structures such as loops aneh@lices that will not be described here
(Fersht 1999).

1.1.1.2 Supersecondary structure

The next level in the structural hierarchy are the motifs, or seangary structures,
these being common combinations of regions of secondary stucture. Classiofuni
supersecondary structure include @B unit, two antiparallel strands connected by a
hairpin; and the3-a-f3 unit, two parallel strands separated by an antiparallel alpha-
helix, with 2 hairpins connecting the three secondary structures. Fugher the
hierarchy are the domains. These are independent units of folding thedrftly have
discrete biological function in their own right (DNA-binding homeodomains).

1.1.1.3 Tertiary and Quaternary Structure

Tertiary structure can be defined as the three-dimensional conitgucdtthe entire
folded polypeptide chain. This results from interactions between resiske@sndary
structured regions, motifs, and domains separated prior to the folding groces
Quaternary structure refers to the spatial arrangement of the sulbomposed of
different polypeptide chains (Branden and Tooze 1991).
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1.1.1.4 Theo/B-barrel fold

The canonicab/B-barrel fold is defined by a close ring of eight parafiedtrands
surrounded by eigha-helices (Reardon and Farber 1995). The active sites off&ll
barrel enzymes are at the C-terminal end of the barrel, aridrared by residues of
the eight loops connecting eafhstrand with thea-helix following it (3/a loops)
(Wierenga 2001). Besides their key role in catalysis,pftheloops are important in
forming hetero-oligomeric structures (Pujadas and Palau; 1999). Imfast,of the
knowna/B-barrel enzymes form quaternary structures.

Electrostatic calculations have highlighted a common, distinctivérestatic
field pattern determined predominantly by the backbone atoms, which gergrates
positive potential at the C-terminal end of the barrel near thgeasite region
(Raychaudhuri, Younas et al. 1997). This correlates with the known prefesénce
a/B-barrel enzymes for negatively charged substrates, in particular ph®sphat
containing molecules (Copley and Bork 2000).

Thea/B-barrel fold is one of the most common in enzymes, with about 10% of
structurally characterised proteins containing at least one domthirihig fold (Gerlt
and Raushel 2003). It is seen in many different enzyme familieslystatp
completely unrelated reactions (Hegyi and Gerstein 1999). Because [Harrel
fold was first described in triosephosphate isomerase (TIM3, also referred to as
the TIM barrel fold (Banner, Bloomer et al.; 1975).

Proteins witha/B-barrel structures are very stable, and are, therefore, suitable
for protein engineering studies (Luger, Hommel et al. 1989; Mainfroid, @&obral.
1993; Tanaka, Kimura et al. 1994; Lang, Thoma et al. 2000; Silverman, Blatekris
et al. 2001).

1.1.2 Enzyme kinetics

Chemists have been studying rates of reactions, and the factorontai ¢hem,
since the middle of the T%century. Measuring the rate of fermentation of sucrose in

the presence of yeast, the British chemist, Adrian John Brown, founthéhagaction
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rate was independent of the amount of substrate present (Brown 1892pgdésted
that this could be explained if the invertdsmolecules present in yeast formed a

complex with the sucrose (Brown 1902; Laidler 1997).

1.1.2.1 Michaelis-Menten model

Leonor Michaelis and his assistant Maud Leonora Menten observed thefifetie
noticed by Brown was only present at high concentrations of substrategwa/aetew
concentrations the rate became proportional to the concentration of asubstr
(Michaelis and Menten 1913; Laidler 1997). To explain this phenomenon, the kinetic
consequences of the enzyme-substrate complex were considered in the model

E+S [l - ESOf L E+P Scheme 1

where E, S and P are the enzyme, substrate, and product molecules respectively.

Assuming that the first step exists in a rapid and reversible equilibrium,

, = LELS .
that the chemical process occurs in the second step,

V=Ka[ES -2
and that the total enzyme concentration remains constant,

[Elo =[E]+[ES] - 3

the Michaelis-Menten model can be describe with the following expression

4 Now known ag3-fructofuranosidase.
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E k
vl K];[fis]t 4
Other assumptions to be considered are that the concentration of eszyegégible
compared with that of the substrate ([E] << [S]), that theti@maés measured before
the concentration of product becomes significant §{P) and that the substrate has
not been appreciably depleted ([S] ={S]
In a Michaelis-Menten system, the velocity is at a maximupnd\Mvhen all
the enzyme is in complex with the substrate ([ESJE]o). From here it can be
inferred that

if v=14V,__ O [S]=K,, -5

consequently, if [S] <Ky

v= gl s 6

M

This equation describes the linear correlation betwegKy and [S], given a fixed
amount of enzyme. Since most of the enzyme is free of substrazeutes! ([E} ~

[E]), equation 6 can be rewritten as

v=%[E][S] -7

M

an expression that defines the velocity in terms of free enzymeemdubstrate. In
this casek.a/Km emerges as an apparent second-order rate constant.

1.1.2.2 Extending Michaelis-Menten to Briggs-Haldane

The Michaelis-Menten mechanism assumes that there is a thermadyaguilibrium
between the enzyme-substrate complex and the free enzyme and suBsirate
accurate description of the same processes was proposed by the scheme
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kl
K ES 3 E+P Scheme 2
-1

E+S

where Michaelis-Menten conditions hold whenekgi<k ; This model and its kinetic
expression was first proposed by G. E. Briggs and J. B. S. Haldane (Bndgs
Haldane 1925). The Briggs-Haldane model assumes that the enzyme-substrat

complex is not in equilibrium but in a dynamic steady state.

dlES] _

S =0=K[E]|S)-k[ES -k,[ES -8
thus
()= tE3 -
k,+k, [S]

Using equation 3 and since

v=Kk,[ES - 10

the initial velocity would be given by

__ [Elo[SIk,

- (k_1+k2

;s - 11

This equation has the same form as equation 4, but in this caldg ieeconstituted
by the microscopic constants;,(k; andky), andk., is equivalent to the microscopic

constant,.

1.1.2.3 Enzymatic meaning ok.y; and Ky,

In the Michaelis-Menten modek., represents the rate of substrate conversion to

product. When this model is further extended to that of Briggs-Haldanes.the
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appears as an apparent rate, function of the first order corstamesther casekca;, is
also known agurnover numberor rate, and represents the number of substrate
molecules converted to products per unit of time per active site.

Similarly, while according to Michaelis-MenteK,, is the true dissociation
constant of the enzyme-substrate complex, it becomes an apparenttipariametion
of the microscopic constanks, ki andk, under a Briggs-Halden regime. Typically,
Kwm, also known adMichaelis or dissociation constants interpreted as the overall

dissociation constant of all enzyme-bound species.

1.1.2.4 kcot/ Ky and enzyme selectivity

When two substrates §ndj) compete for same enzyme (E),

E+i Ei —> E+P

+

j Ef —> E+P Scheme 3
]

the ratio of the reaction rates can be rapidly deduced using equation 6

(Kear / Ky i[1]

cat

(kcat/KM)j[j]

Vi
S= 212
Vi

From this equation it follows that the enzyme’s specificity betw®e competing
substrates, is determined by a ratio kpf{Ky, and not byKy, alone. Thus, the
selectivity® of an enzyme E towards the substiatelative to the substrajecan be

defined as the ratio of the respectiyg’ Ky constants.

E (Kear / K )i
H 7 /Koy,

- 13

5 In more complex modelg,becomes function of more than one microscopic patam
6 In this work the term selectivity constant hasrbelosen ak..;/Ky by itself has previously referred

as specificity constant.



Chapter 1. Introduction

In a steady state regime, from equation 11, it can be seen that

& = —k2k1 - 14
Ky kitk,
and given that
Koy <k, - 15
k, +k,

the parametek.,/Ky cannot exceed the enzyme-substrate encounter kgatdn( a
bimolecular free diffusion system, the theoretical limitkpfs 1¢ — 16 s* M™. In
addition, if

k, <<k, D%:k1 - 16

keal Km becomes the true microscopic rate constant of the enzyme-substrateter.
It is worth mentioning that wheka/Ky is limited by the enzyme-substrate encounter,
Briggs-Haldane rather than Michaelis-Menten kinetics are obeyed.

A comprehensive dissection of the kinetic models presented in th@ysevi

sections can be found in Fersht (Fersht 1999).

1.1.2.5 Maximum rate

In equation 7, the velocity of reaction is referred to in terms okd{i&y, the free

enzyme and the free substrate. Thus, the velocity will reach itlSmuia by

maximising eithek.a/Kv or [E]. It has been mentioned, thai/Kwy is limited by the

rate of enzyme-substrate encounter, implying that once this limibéas reached,
increase in velocity can only be achieved by an increase in thedineedf the

enzyme, and thus th&, (Fersht 1974).
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1.1.3 Enzyme engineering

The manipulation of enzymes has been indispensable to our understanding of the
catalytic/binding mechanisms in naturally occurring enzymes, and isgpigite if
they are to be adapted for medical and industrial applications.

It is possible to extensively modify the structure of enzymes, through the
manipulation of their coding genes. For example, site directed mutageresdis
allows mutation of one residue to another (Farber and Petsko 1990);| ssvera
prone-PCR methods allow the incorporation of random mutations whileultaref
controlling their nature (transitions and/or transversion) and raw@&lkaand Joyce
1994; Zaccolo, Williams et al. 1996); and it is possible to shuffle gériesa
homology dependent (Stemmer 1994) or independent fashion (Voigt, Martinez et al.
2002; Hiraga and Arnold 2003; Bittker, Le et al. 2004). Recent engineering of the
genetic code has allowed non-natural amino acids to be incorporated iptintaey
structure of enzymes (Chin and Magliery in preparation). To complemese t
genetic manipulation techniques, a myrad of others have been developed ito order
produce, extract and purify engineered enzymes (Higgins and Hames 1999; Hardin
2001).

In spite of the technical feasibility of completely reshaping exgséinzymes,
most of the changes that can be effected are likely to be funcyiatelibterious
(Taddei, Radman et al. 1997). This is mainly due to enzymes’ margatalitgt
(Taverna and Goldstein 2002) and their complefityn recent years, these two
hurdles have been overcome with relative success by combinatorial emgjredso

known as directed evolution.

1.1.3.1 Directed evolution

It is possible to (re)design enzymes by implementing a Damvienolutionary

algorithm of iterative rounds of mutation and selection (Zhao and Arnold 1997,

7 It has even been possible to shuffle complete mesdqZhan and Perry et al, 2002).
8 Assuming an average protein length of 200 amindsathere can be #different protein
sequences, a humber that is much greater thaex&nple, the number of electrons in our (physical)

Universe (estimated to be arourd)§Herztog T, personal communication).

10
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Arnold 1998). Typically, the diversity is generated at gene levahlgyof the methods
previously described (section 1.1.3), and is followed by selection of tirediesw
protein functional features. Whereas natural evolution measuresnigesfof variants
by their ability to leave viable offspring, directed evolution experita depend on the
availability of appropriate screens for the identification of th&rdd variants. To be
precise, the availability of a screening or selection methodhdsntost common
technically limiting factor for the application of directed evolution strategi

Directed evolution has been successfully applied to enzymes, to enhance
overall performance (Castle, Siehl et al. 2004), to alter subsipatsficity (Glieder,
Farinas et al. 2002; Meyer, Schmid et al. 2002) and enantioselefiiaty Nguyen
et al. 2000), to improve thermal stability (Gonzalez-Blasco, Sanzdpat al. 2000;
Merz, Yee et al. 2000), and a tad of other features (Martineau, Sbak4998; Naki,
Paech et al. 1998; Proba, Worn et al. 1998).

1.1.3.1.1 0Genotype> Phenotype correspondence

Within an organism, several structural traits are under consta#upecto maintain a
certain level of functionality. All these components should be physicelked
together in order to be (naturally) selected as a single unit, andfaiteerbe
evolutionarily stable.

A canonical classification of the cellular machinery uses Gendtypefer to
the genetic load upon which mutation takes place (namely DNA); anchémo§pe,
in which the functional features aseenby the selective forces (namely proteifish
nature, the biunivocal correlation between the Genotype and Phenotypees trea
the cellular transcription and translation machinery, and the compaaimsation

afforded by the cell membrane (Scheme 4)

9 This idea can be traced back to A. Weismann (183244, further rephrased in molecular terms by
F. Crick (1916-2004) in his central dogma of molacbiology (Maynard-Smith 1998)(Crick, 1970;
Thieffry and Sarkar 1998).

11
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i 8
Genotype Phenotype Scheme 4

- Qomljpar%egizg'—tlp;n

In directed evolution experiments, the Genotype is linked to the Phenotype by
borrowing the cellular transcription and translation machinery, eithéahgforming
cells or by cell-free transcription/translation cocktails. Therge correlation, can be
obtained by several methods. Depending on how Phenotype is linked to Genotype,
directed evolution selections can be broadly classified into thregaras (Griffths
and Tawfik 2000).

1.1.3.1.1.1In vivo selection

In vivo selection strategies make use of the existing cell apparatusellle thereby
used as a compartment within which proteins are expressed and pddoroatalytic
duties, and which will ensure the propagation of the gene encoding the gested
by means of cellular replication. One way of doing this is to use anrapkat strain
(Joerger, Mayer et al. 2003) or to link the activity of the protein tevioéved to the
survival of the cell (Zaccolo, Williams et al. 1996).

Even thoughin vivo systems have been used with some success because of
their methodological simplicity, they have inherent limitations. Kiystinly those
functions that can be linked to cell survival can be selected foon8k¢ because
vivo selection takes place in the presence of a large genetic backgtibergefiome
of the host cell) the cell may be able to provide solutions to itsvsiliproblem, like
expression levels, which do not necessarily involve the introduced mutarih gfote
Finally, with in vivo strategies, it is difficult to select for enzymes with lostiaty,

since a certain threshold of activity might be necessary to guarantee survival.

10 Following the first rule on directed evolution &jments: ‘You get what you select for’ (Schmidt-
Dannert and Arnold, 1999).

12
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1.1.3.1.1.2In vivo-vitro selection

In vivo-vitro strategies, broadly speaking, include a combination wifzo andin vitro
steps throughout the selection process. Two of these strategies havedaety used
in the last years: phage display and colorimetric/fluorimetriayssdn phage display
the protein of interest is fused to a phage-coat protein, which rasutis display of
one or more copies of the fusion protein on the surface of filamentotesibphage.
Molecules are selected by affinity panning on immobilised substrates,tte
resulting phage are mixed with bacteria to produce progeny phage for subsequent
rounds of panning (Rader and Barbas 1997). Colorimetric/fluorimetric assagist
in utilising bacteria or other host to translate and express tget tarotein, while
using chromogenic/fluorogenic products either to screen colonies of bawteisang
Flourescence Activated Cell Sorting (FACS) to sort repert@fegenes or bacteria
compartmentalised in double emulsions (Bernath, Hai et al. 2004).

Becausen vivo-vitro selections contains an vivo step, the maximum library
size is limited by the transformation/transfection limit of tdrganism involved (for
yeast, 10— 13 cellsfiag DNA and forE. coli, 1¢f — 10 cellsfig DNA). In addition to
limiting the library size, thén vivo step may apply only for evolving enzymes that do
not interfere substantially with cellular metabolism and can langisshed from the

background of other cell processes.

1.1.3.1.1.3In vitro selection

Two main groups o vitro selection technology can be distinguished. The first group
makes use of a physical link between messenger RNA (mRNA) ancknbhasc
polypeptide, during translation, to couple genotype and phenotype (Martineau, Jones
et al. 1998). The second group imitates the compartmentalisation of ¢gilsgby
performing translation and selection within a water-in-oil emulsidawfik and
Griffiths 1998) (Griffiths and Tawfik 2003).

By contrast within vivo selectionsjn vitro display technologies can handle
libraries with up to 18 members, depending on the scale ofitheitro translation
used. This increases the diversity of sequences and thus improvéeglihedd that a

successful mutant will be isolated. Furthermore, not all sequexpesss well in

13
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bacteria, as folding, transport, membrane insertion and complex formatweiler
significantin vivo selection pressures against certain proteins and scaffolds. These
pressures are likely to be significantly redugeditro, where efficient translation is
the only requirement. The main drawback of this kind of strategy is that thdsedse

can be fairly complicated.

1.2 Organophosphorus Compounds (OPSs)

1.2.1 OPs structure

OPs are esters or thiol derivatives of phosphoric, phosphinic, or phosphoramidic acids.

(|3|(S)

R2 Scheme 5

Normally, R1 and R2 groups are aryl or alkyl moieties that bindhe¢ophosphorus
atom either directly (phosphinates), via an oxygen or sulphur atom (phesprat
phosphothioates respectivel{) or a NH group (phosphoramidates). The X group
may be any of a broad range of halogens, aliphatic, aromatic oody&ter groups,
which bind the phosphorus centre via an oxygen or sulphur atoms. The X group is
referred to “leaving group” because it becomes separated wherPtige lydrolysed.

As shown in Scheme 5, the double bonded atom may be either oxygen (oxoorform)
sulphur (thio form). The chemistry of OPs can be found in Fest @estSchmidt
1973).

1.2.2 OPs as nerve agents (NAS)

OPs have been extensively used in the last fifty years asntiglcides, ascaricides,
nematocides, and to a lesser degree as fungicides and herbicidla®$S1994). In
addition to their application in agriculture, and given their toxitatyhumans, OPs

have been manufactured as poisonous nerve agents (NAs) for use in chemical warfare.

11 When both a phosphinate and phosphate/phosphattaoatpresent, the resulting compound is

known as a phosphonate.
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Among lethal chemical warfare agents, the nerve agents (NAs had a
dominant role since their toxicity to humans was discovered in the ¥#80’s. The
discovery of the pesticide Dimefox occurred around the time of thdogenent of
the first NA Tabun, which was developed as a weapon but not used duriBectbred
World War (Figure 1). Diisopropyl fluorophosphate (DFP) was invegiihats a
potential nerve gas in the same period (Black and Harrison 1996), thale
development of the more potent NAs Sarin, Soman and Cyclosarin, foll@ed |
(Timperley 2000). By the late-1950s, more toxic NAs with a diffestnicture were
being synthesised, including VX and its isomer Russian-VX (Bell,rélluet al.
2001).

i i
Me,N—PF et PCCN ipro-PF
NMe, NMe, Oi-Pr
Dimefox Tabun DFP
O
- i i
i-PrO~— "\ O/P\_F O/P\—F
Sarin Soman Cyclosarin
i { o
. [l
Et0— Py SCH,CH,N(i-Pr), 0—-P—SCH,CH,NE,
Me Me
VX Russian-VX
0 i
h_ SO NI O°
ero-P O NO, OEt
OEt
N Cl
Paraoxon Coumaphos

Figure 1. Structures of the main known military nerve gashksir prototypes dimefox and diisopropyl

fluorophosphate (DFP), and the pesticides ParaardrnCoumaphos.

15



Chapter 1. Introduction

1.2.2.1 Physico-chemical properties of NAs

Under standard conditions (25 °C and 0.1 MPa), all known nerve agents igrgdn |
form, and exhibit a range of water and organic solvent solubility, ikMylaand
toxicity.

NAs are commonly divided in G- and V-typéaccording to their volatility.
G-type nerve agents evaporate quickly (5 — 20 %ri§ m? at 25 °C), while V-type
agents are much less volatilg 10 mg n? at 25 °C) and therefore persist in liquid
form for longer. Sarin and Soman, also known as GB and GD respedhigkipg to
the first group while VX and Russian-VX are included in the laf#ed therefore
normally used as contact poisons).

In their gas phase, NAs are about 5 to 10 times denser than amoand
flammable below 80 — 160 °C. Tabun and Soman have a slightly fruity amhoam
like odours respectivelif (ATSDR 2002).

1.2.2.2 Toxicological properties of NAs

OPs vary in toxicity from practically non-toxic chemicals likalathion to extremely
toxic such as VX and Russian-ViX To be precise, NAs are those OPs that strongly
inhibit acetylcholinesterase (AchE) (see section 1.2.2.3).

NAs are internalised by inhalation, skin contact and ingestion. Tiaaity
was determined experimentally using animal models, and the valuameabt
correlated with those fronm vitro inhibition assays of AchE in humans (Bajgar
2004).

Upon inhalation, the estimated k§3° concentration for humans ranges from
10 mg min n? for VX to 400 mg min i for Tabun. Vapours are not absorbed
through the skin (ATSDR 2002). A study of the clinical aspects of @ereaus
poisoning by VX has showed that the toxicity varies widely betwkerahatomical

regions exposed. Application on the ventral surface of the ear of tlaeizsed

12“G” stands for German and “V” for venom.

13 Odour does not provide adequate warning.

14 Actually, Russian-VX is repeatedly cited as on¢hef most toxic man-made compounds known.
15 Dose that is lethal to 50% of the exposed popmdati
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domestic swine (150g kg'), caused death after 30 — 60 minutes; however, when VX
was applied on the epigastrium death did not necessarily followtst @fhours)
(Duncan, Brown et al. 2002; Lundy 2004).

For intramuscular injection, the lsPranges from 10 to 80g kg in rats and
4 to 150 ug kg' in humans. Subcutaneous administration of Russian-VX and
Cyclosarin in guinea pigs have been reported to have gnof1.3 and 6Qug kg*
respectively (Chang, Hoffman et al. 2002; Brisefio-Roa, Hill et al. 2@en the
persistence of some NAS, intoxication by ingestion is possibletdrima LB, by oral
administration ranges from 0.1 to 10 mg'kdn humans, the data is scarce but the
values appear to be around 1 to 10 mig. kg

1.2.2.3 Inhibition of acetylcholinesterase by OPs
OP compounds inhibit acetylcholinesterase (AChE) (Timperley, rSedteal. 2001),

an enzyme that controls nerve impulse transmission by hydrolysitgcacdéine to
acetic acid and cholin¥. Hydrolysis of acetylcholine by AChE involves an active-
site serine residue initiating a nucleophilic attack on the carboagbon of
acetylcholine to form a covalent acetyl-acyl-enzyme internbedencurrent with the
release of free choline from the active site. The free enzymegenerated in a second
stepvia a hydrolytic attack by water and the release of acetate.nNisc the natural
substrate of AChE: they phosphylate the active site serine reseleasing either a
cyanide, fluoride orN,N-dialkylaminoethanethiolate group. This first step is fast,
however the regeneration of the free enzyme through the nucleoptaitik by water

is extremely slow; thus, a phosphorylated AChE unable to hydrolysdchotine is
generated (Tougu 2001).

1.2.2.4 Effects of NAs

NAs alter the cholinergic synaptic transmission at neuroeffegtoctions. The

function of both muscarinic and nicotinic receptors is altered in thienamic,

16 The term “nerve agent” is misleading, as theieefsynaptic transmission rather than neural

structuresper se
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skeletal myoneural, and Central Nervous systems. Muscarinictsefiaclude
hypersecretion of salivary, lachrymal, sweat and bronchial glanois¢hornarrowing,
nausea, vomiting, diarrhoea, and slow heart rate. Nicotinic effechsde skeletal
muscle twitching, cramping and weakness; rapid heart rate and loigth pfessure.
Effects in the Central Nervous System include irritability, voasness, fatigue,
insomnia, memory loss, impaired judgment, slurred speech, and depression.

During exposures to low levels of NAs, a combination of the previously
described effects are presented. Exposures to high levels of &ufse,cwithin
minutes, loss of consciousness, convulsions, flaccid paralysis, copioesiosegr
apnoea, and death. Death follows by respiratory arrest due to NAmici@fect in
the respiratory system.

The human liver contains enzymes capable of detoxifying both thion and oxon
OPs, such as glutathiones-S-transferases, monooxygenases and pagsoxionas
mammals, any oxon OPs that escapes hepatic detoxification camb®egsently
inactivated in the blood by serum paraoxonases. The protection given by such
enzymes is rapidly saturated under acute exposure to NAs (Mackngsgsgton et
al. 1998).

Atropine, pralidoxime chloride, pyridostigmine are the typical bwattef
compounds used in prophylaxis against OPs poisoning (Bajgar 2004). After ac
exposure, recovery is achieved after three or so months, when ACaEnast
completely regenerated (Gunderson, Lehmann et al. 1992; ATSDR 2002).

1.2.3 NA legislation and NA attacks

The Chemical Weapons Convention (CWC), which entered into force on 29 April
1997, is the first arms control treaty which seeks to introduceif@atsr ban on an
entire class of weapons of mass destruction. The CWC bans thespossesl use of
chemical weapons, controls the chemicals that are used to produceltiterequires
total destruction of any CW stockpiles (OPCW 2005). It is admieidtdry the
Organisation for the Prohibition of Chemical Weapons (OPCW), whidiased in

The Hague, Netherlands. As from 25 May 2005, OPCW counts with 168 &taesP
comprising 95% of the world’s population, and 98% of its chemical induSPPCV
2005).

18



Chapter 1. Introduction

Two of the best documented cases of attacks employing NAs (Sacumjred
in Japan in the mid 1990’s. The first one occurred in Matsumoto, NagaiectBre,
in 1994, where seven people were killed and around 150 injured (Morita, Yamagisa
et al. 1995; Okudera 2002). The second attack occurred a year later Tokyee
subway system, in which twelve people were killed and around 6000 dyficial
reported injured (Nagao, Takatori et al. 1997). The sect AUM Shinrilagimdicted
for both attacks.

Commercially available OPs, mainly used as pesticides icudigre, have
been reported in professional, suicidal and accidental intoxicationsrdheg to the
World Health Organisation, more than one million serious poisonings @&h

insecticides occur worldwide every year (Jeyaratnam 1990).

1.2.4 Organophosphatases

A number of enzymes have been identified which can catalyse the ysysirol OPs.
Three of the best characterised are the phosphotriesterase f(BfiEseudomonas
diminuta (Raushel and Holden 2000), the organophosphorus acid anhydrolase
(OPAA) from Alteromonassp. (DeFrank and Cheng 1991), and PON1, a member of
the mamalian Serum Paraoxonase (PONs) family (Macknessnftomiet al. 1998).

A review of other organophosphatases can be found in Vilanova (Vilanova and
Sogorb 1999).

1.3 Phosphotriesteras®seudomonas diminuta (PTE)

Organophosphatase activity was first identified-iavobacteriumsp. (ATCC 27551)

from samples taken from a Philippino rice paddy, which had been extgriseated

with the organophosphate diazinon as insecticide (Sethunathan and Yoshida 1973).
Three years later, a strain of the free-living soil bacteridBeeudomonas diminyta

was reported to have the ability to hydrolyse the organophosphotrieséthipa
(Munnecke 1976; Chaudry, Ali et al. 1988). The genes responsible for thiegeeac
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were isolated from extrachromosomal plasmids and turned out to hawcatle
sequences. The *“organophosphate degradation” gene was ngpae@nd its
polypeptide product is widely known as Phosphotriesterase (PTE) (Mlargs et
al. 1986; Harper, McDaniel et al. 1988; McDaniel, Harper et al. 1988bryland
Karns 1989)

PTE has been expressed in several organisms and presents an aiproxim
molecular weight of 35 kDa (339-residues) (Dumas, Caldwell et al. 12&@%ips,
Xin et al. 1990; Dave, Lauriano et al. 1994). PTE has no known natural sebstrat
however, is capable of hydrolysing man-made organophosphorus compounds with a
spectacular efficiency. With its best substrate, the insdetiBiaraoxon, & and
kealKm Of 10° st and 18 s* M respectively have been reported (Omburo, Kuo et al.
1992). Thisk.a/Ky value is close to the theoretical limit imposed by the diffusion-
controlled encounter of the enzyme and substrate (see section 1.1.2.4).bkema
shown experimentally that with leaving groups holding a pK.0, the reactions rates
are indeed limited by diffusion (Caldwell, Newcomb et al. 1991).

1.3.1 Structure of PTE

With recombinant material obtained by expressipgdin E. coli, several structures of
PTE have been solved (Benning, Kuo et al. 1994; Benning, Kuo et al. 1995;
Vanhooke, Benning et al. 1996; Buchbinder, Stephenson et al. 1998; Benning, Hong
et al. 2000; Benning, Shim et al. 2001). PTE crystallised in a homodifoem, each
monomer exhibiting a distinctive distorted eight strandégtbarrel fold with two
metal transition ions bound in the C’- terminus of {Bsheet core (Figure 2).
According to the SCOP structural classification, PTE belongsetaonetal-dependent
hydrolase superfamily, also referred as amidohydrolase else(iearen, Brenner et

al. 1995; Holm and Sander 1997). Other members of the same superfaiutiei
Klebsiella aerogenesurease andMus musculusadenosine deaminase (Wilson,
Rudolph et al. 1991; Jabri, Carr et al. 1995).

20



Chapter 1. Introduction

Figure 2. Structure of the Pseudomonas diminuta phosphotriesterase (PTE).PTE is an active
homodimer'’ that possesses a distorifs barrel fold which binds two transition metal iofmirple

spheres) — Zn(ll) in this particular structure (DH4Benning, 1994)).

1.3.2 PTE metal binding site

It has been established by NMR, crystallography and mutagenesis stodiesadh
PTE monomer binds two divalent transition metal ions via a clusteuofistidines
(His-55, His-57, His-201 and His-230) and one aspartate (Asp-301) (OmburamsMull
et al. 1993; Chae, Omburo et al. 1995). In addition, the two metal iontked |

together by a carbamate functional group, formed by the carboxylation &athao

group of Lys-169 and a water (or hydroxide ion) from the solvent (see section 6.1.1).

17 The notion of PTE as an active homodimer is sujggdoy gel filtration and folding data (Grimsely
and Scholtz et al, 1997).
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LYS*-169 ||

Figure 3. Cluster of residues involved in PTE metahnd substrate binding. The two Zn(ll) ions
(purple spheres) are coordinated to the proteifoby histidines (His-55, His-57, His-201 and His923

and one aspartate (Asp-301). The two binding pstare not symmetrical. Tloeion is buried deeper
into the structure, while thg ion plays a more active role in the catalytic naghm (section 1.3.3).
The ions are linked together by a carboxylatednlysiLys*-169)*® and a water/hydroxyl molecule
(red). The latter is bonded and activated by théatseproviding the nucleophilic attack necessany f
the reaction to occur. In this particular structdewy)(Benning, Hong et al. 2000), PTE was
crystallised with the substrate analogue, triethggphate (3EP).

The more deeply buried ion) is coordinated through the side chains of Asp-
301 (3), His-55 (N?), His-57 (NP, Lys*-169 *® (0", and a molecule of water in a
trigonal bipiramidal arrangement. The more exposedfpis(bound through the His-
201 (N, His-230 (N%), Lys*-169 (0%), and the molecule of water in distorted

octahedral geometry.

18* refers to the carboxylation modification.
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The two Zn(ll) ions found in the naturally occurring protein, can be reglace
with Cd(ll), Ni(ll), Co(ll), and Mn(ll) ions without significant losef enzymatic
activity (Omburo, Kuo et al. 1992).

1.3.3 PTE reaction mechanism

PTE catalyses the hydrolysis of phosphotriesters (E.C. 3.1'8.¢)a an SN

mechanism with a net stereo inversion in the phosphorous centre (Domiski et
al. 1988) (Figure 4). A more detailed mechanism has been recently gdopos will
not be considered here (Aubert, Li et al. 2004).

B2 NO,

Figure 4. A simple working model for the PTE enzymatic reaetimechanism is shown in scheme 6. It
involves (1) the ionisation of a metal-bound waterecule; (2) the polarisation of the phosphoryl-
oxygen bond of the substrate by flienetal; (3) the nucleophylic attack by the ioniseater molecule
and the phosphorus centre, (4) assisted by prdsstnagction from Asp-301, and resulting in the (5)
weakening of the ester bond of the leaving grougu@Rel and Holden 2000).

1.3.4 PTE Substrate binding site

As briefly mentioned before, PTE can catalyse the hydrolysiseofNtAs sarin, VX
and several other OPs compounds; however, the catalytic efficieRyE0bn NAs is
10° to 1@-fold lower than for Paraoxon (Table 1).

19 Nomenclature Committee of the International UribiBiochemistry and Molecular Biology.
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Table 1. Catalytic efficiencies of human BChE(G117H PON1(Q191) and PTE.Data from
(Dumas, Durst et al. 1990; Lockridge, Blong et #097; Rastogi, DeFrank et al. 1997; Hong and
Raushel 1999; Josse, Lockridge et al. 2001). Thealytic efficiencies’ of BChE with Sarin and VX
arek../Ky values.

Keat! K (ST M™)

BChE PON1
PTE
(G117H) (Q191)
Paraoxon 1.8 x16 1.1 x1d 6.2 x10
Sarin 0.6 1.5x16 8.0 x1d
Soman ND 4.7 x1d 9.6 x1G
VX 2.2 ND 6.9 x16

Following studies of the three-dimensional structure of PTE withnthre
hydrolysable substrate analogue diethyl 4-methylbenzyl phosphonate (Vanhooke,
Benning et al. 1996), it became clear that the PTE binding sitebearoughly
dissected into three binding pockets, nansshall large andleaving group(Chen-
Goodspeed, Sogorb et al. 2001). As this first classification does nptdtlict the
structural aspects of the substrate, in the present work thesasregere renamed
Pro-R, Pro-SandEntrancerespectivelyFigure 5).

The PreR pocket is defined by the residues Gly-60, lle-106, Leu-303 and Ser-
308, which bind the arm of the inhibitor that points towards the intelfat@een
monomers (prdR). Similarly, the PreS pocket, defined by His-254, His-257, Leu-
271, and Met-317, binds the arm of the inhibitor which points away from the binuclear
centre towards the solvent (p8). Lastly, theEntrance pocket is defined by the
residues Trp-131, Phe-132, Phe-360, and Tyr-309, which creasephenbetween

the binding site and the solvent.
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B) CH,

Pro-R Pro-S
et H254
1106 H; TRs7
L W 1271
Lot R M317
5308 0
—_—

Entrance
W13l
F132
F306
Y309

Figure 5. PTE binding pocket dissectionA) PTE co-crystallised with Zn(ll) and the inhihitdiethyl-
4-methylbenzyl phosphate (DMP) (Vanhooke, Bennihagle 1996). The residues conforming three
different pockets are shown in different coloursy)-R (in orange), Pr& (in green), andntrance(in

blue). B) Diagram of the approximate localisatidrite different pockets in relation with DMP.

1.3.4.1 Engineering of PTE by rational design

Alterations of the substrate-binding cavity of PTE have shown that it is possible to
manipulate its substrate selectivity (Table 2). Mutations have been reportdéd whic
yield improvements in fluoronophosphatase and phosphodiesterase activity in PTE
(Watkins, Mahoney et al. 1997; Shim, Hong et al. 1998).

Shifts of the selectivity towards NAs and their analogues hava hkE®
described. A PTE variant with a 33% increase in rate of VX hysiolyompared to
wild type has been reported (Gopal, Rastogi et al. 2000). Two other minzre
been isolated with an increaskd/Ky of 17-fold and 31-fold for NPPMP (Soman
analogue) and Demeton S respectively (diSioudi, Grimsley et al. 1999).

A variant PTE with reversed stereoselectivity on phosphotriestestrates
was also found to have reversed stereospecificity for chiraln Samalogues,
hydrolysing the S>-enantiomer 10 times more efficiently than tRe-enantiomer
(Chen-Goodspeed, Sogorb et al. 2001; Li, Lum et al. 2001). This is of particula
interest as wild-type PTE hydrolyses analogues of the more 8»a@oantiomer of
Sarin ten times more slowly than th&-enantiomer. In fact, most major NAs
(including Sarin, Soman and VX) are racemic mixtures whose indivehaitiomers

exhibit substantial differences in toxicity.
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Table 2. PTE variants obtained by rational design.

kca[/ KM kcat/ KM
Substrate Substrate Substrate )
) (s™™?)  PTE Mutant  relative  Reference
Nickname Structure Name )
wildtype to wt
. (Watkins,
)\O/P\*F Diisopropyl
DFP 0 1@ F132H/F306H 19 Mahoney et
/< fluorophosphate
al. 1997)
8 (Shim,
) HO/P\*OONOZ Ethyl-4- 0.16 x
Phosphodiester o . M317K 7 Hong et al.
) nitrophenyl phosphate 10*
1998)
NPPMP o O-pinacolyl-4- 14 (diSioudi,
A4 X
(Soman >; /""\*OON% nitrophenyl 10 H254R/H257L 17  Grimsley et
o
Analogue) methylphosphonate al. 1999)
Demeton S ? 0,0 diethyl-S-2- (diSioudi,
Lozpfs/\s/\ ) 8.7 X )
(VX b ethylthioethyl 10 H254R/H257L 31 Grimsley et
Analogue) ) phosphorothioate al. 1999)
O-ethyl-S-2- (Gopal,
VX 0 N Diisopropylaminoethyl 1@ L136Y 1.3° Rastogi et
\\O/P*SJ .
methylphosphonothioate al. 2000)
(Chen-
o}
I S--methylethyl-4- 8.7 (33 Goodspeed,
S-MENP \o ‘PCOON% ) yiemny (33) G60A 3(1.6) P
/O nitrophenyl phosphate  x 1¢° Sogorb et
al. 2001)
L Q (Chen-
on.p‘fo«j%mo2
o) Re-ethylphenyl-4- 3.7 (40) 1106G/F132G/ Goodspeed,
Re-MFNP . 48 (1.5)
@ nitrophenyl phosphate ~ x 1¢f H257Y/S308G Sogorb et
al. 2001)
) S-O-isopropyl-4- )
Se-Sarin /\ e itrophenyl 4.1 (45) 1106A/F132A/ 7(0.16) (Li, Lum et
P— nitrophen .
Analogue oF OONOZ pheny x 10° H257Y al. 2001)
methylphosphonate
o SRc-O-pinacolyl-4- 3.8
SRc-Soman Wg,OONO _ P Y IL06A/F132A/ 24 (Li, Lum et
o 2 nitrophenyl (360) x
Analogue H257Y (0.08) al. 2001)
methylphosphonate 107

a.relative unitsb. k., values c. apparent rate; racemic mixture values are showgdrenthesis.

1.3.4.2 Engineering of PTE by Directed Evolution

It has also been possible to successfully alter PTE subs#ietiaty by applying

directed evolution techniques (Table 3).

From a relatively small library of 400 mutated PTE genes, a vandhta

[1000-fold increase irk.o/Ky towards the most toxic stereocisomé&k &) of a

chromogenic analogue of Soman has been identified (Hill, Li et al. 200B)g Es
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strategy based onn vitro compartmentalisation (IVC) of genes in aqueous
microdroplets in water-in-oil emulsions, and starting from a libodriZ10’ genes, it
was possible to select a PTE variant with an even faster turnateefor Paraoxon
than wild type PTE (Griffiths and Tawfik 2003). More recently, using a 2-
naphylacetate/Fast Red-coupled screening on a bacterial colonies possible to
isolate variants with a 10 and 150-fold selectivity improvement towads
naphylacetate and Carboxyflourescein diacetate, respectively (Aharoduk®a et

al. 2005).

Table 3. PTE variants obtained by directed evolutin.

kca[/ KM kcat/ KM
Substrate Substrate Substrate )
) (s'™M?Y PTE Mutant relative  Reference
Nickname Structure Name )
wildtype to wt
SpSc- -0-pinacolyl-4- Hill, Li
m . S-Sc-0-pinacoly mooo
Soman oP—0 NO, nitrophenyl 2x10  H254G/H257W/L303T etal.
Analogue methylphosphonate 2003)
Griffiths
\_ 9 Diethyl-4- (
o P OONOZ . ) and
Paraoxon o nitrophenyl 7.6x 10 1106 T/F132L 4 i
Tawfik
/ phosphate
2003)
(Aharoni,
Gaidukov
2NA 2-naphtylacetate 4.8 x40 H254R/F306C/P342A 10.4 ¢ al
etal.
2005)
(Aharoni,
Carboxyflourescein Gaidukov
CFDA ) 5.2 x 16 H254R/F306C/P342A 155.8
diacetate etal.
2005)

a. no data available for racemic mixtuke;k., value.

1.3.5 Biotechnological applications of PTE

Overall, organophosphatases that efficiently hydrolyse NAs could hewveras
potential applications, in decontamination of areas exposed to chevaifaie agents
(LeJeune, Wild et al. 1998; Love, Vance et al. 2004), destruction of NApsiEx
(LeJeune, Mesiano et al. 1997), “active’ fabrics and filter elesnémt personal
protection (Richins, Mulchandani et al. 2000) (Gill and Ballesteros 2000)sensors
for CW agents (Mulchandani, Chen et al. 2001). It could also be at&actiuse
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enzymes which hydrolyse NAs for medical treatment of individugl®®ed, or at risk
of exposure, to CW agents. For instance, if it were possible toesrga variant PTEs
which hydrolysed a NA as efficiently as it hydrolyses Paraoxgqn [ Ky), it is
estimated that just 2.5 kg of enzyme, immobilised within a polyurettoame matrix,
might be sufficient to degrade 30,000 tons of nerve agent in one yehlu(ie
Mesiano et al. 1997).

1.4 Serum Paraoxonases (PONSs)

The family of serum paraoxonases (PONs) encompasses three thaheshare
between 60 to 70% identitypdnl, pon2, pon3 PONs have attracted considerable
attention, not only due to they role in OPs detoxification, but also ghenrole in
preventing atherosclerosis (Lusis 2000; Durrington, Mackness et al. 2001).

PONL1 is a protein of 354 amino acids (with a molecular mass of 4B tkt
catalyses the hydrolysis of a broad range of esters and la¢@u®s3.1.8.1% in a
calcium-dependent manner (La Du 1992). PON1 is also capable of icagalys
although at much lower rates, the hydrolysis of various OPs, includhsdike Sarin
and Soman (Draganov and La Du 2004). It is highly conserved in mammals, but
absent in fish, birds and arthropods. PON1 is almost exclusively docatéhe high-
density-lipoprotein particles, and its level of activity in the bloppears to correlate
to an individual’'s susceptibility to pollutants, insecticides and athlenosis
(Smolen, Eckerson et al. 1991).

Human PONL1 is rather unstable and it is difficult to produce enough gesnti
to carryout crystallographic studies. Family shuffling of four meatian PON1 genes
20 and screening for esterolytic activity led to the isolation oiaviés (rePON1s) with
high expression yields i&. coli (Aharoni, Gaidukov et al. 2004). rePON1s turned out
to bear 75 to 91% identity with wild-type rabbit PON1, and had enzymaifmerties
essentially identical to those of human PONL1.

Compared to PONL, relatively little is known about PON3 (Draganowvand
Du 2004). PONS3 is mostly expressed in the liver and at low levelseikidney and

20 Human, rabbit, mouse, and rat genes.
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blood serum. PON3s were only recently purified and characterisedhiuoman and
rabbit sera (Draganov Stentson 2000). They were found to hydrolyse aasiely of
esterase and lactones but not Paraoxon. PON3 appears to have an erthityced a
protect low-density-lipoproteins from oxidation relative to PON1. RalftitN3
(RabPON3) was readily expressedBEncoli, and like the PON3 isolated from sera,
this recombinant protein showed little paraoxonase activity. Afteet rounds of
shuffling and screening of wild-type PON3s, clones with greathease rates of both
2-naphtylacetate (20-fold) and paraoxon (240-fold) hydrolysis were idqlateroni,
Gaidukov et al. 2004).

Almost nothing is known about PON2. PON2 is not detectable in plasma but is
expressed widely in a number of tissues including brain, liver, kidnelytestis, and
may have multiple mRNA forms. Dihydrocoumarin is the only substsatefar
reported for PON2 (Draganov and La Du 2004).

1.4.1 Structure and mechanisms of PON1

PON1 (rePON1-G2E3) is a six-bladgd propeller, each blade containing four
strands. In its core, two calcium atoms separated by 7.4 A are bonthedcentre of
the propeller. The lower one (Ca2) most probably helps to stabiliseviloée
structure, while it has been proposed that the higher one (Cal) etalifie
oxyanionic moieties, generated as intermediates during the hydrolysissp(beesl,
Aharoni et al. 2004).

The postulated catalytic site includes Cal, the His-His catalyad (His-115
and His-134), and the phosphate donated by the mother liquor. The first sitep of
mechanism involves deprotonation of a water molecule by the His-His tyad
generate an hydroxide anion. The activated water attacks the ebtarytgassuming
a 2-naphthylacetate as substrate), producing an oxyanionic tetrahedrakeditte
stabilised by the Cal atom. The intermediate breaks down to areaoetand either

phenol or 2-naphtol.
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1.4.2 Directed evolution of PON1 substrate selectivity

As mentioned before, PON1 is known to catalyse the hydrolysis of aroaratic
aliphatic lactones like dihidroxycoumarin, 2-Coumaronon and homocisteine
thiolactone (Billecke, Draganov et al. 2000; Aharoni, Gaidukov et al. 2004);
organophosphates like Paraoxon, Chlorpyrifos, sarin, and soman (Davies, Richter e
al. 1996); and aromatic esters like phenylacelate and 2-naphtyl a¢Btatden,
Eckerson et al. 1991). Aiming to increase the activity towards diffesebstrates,
gene libraries of rePON1 were prepared by random mutagenesis and tioned
bacterial cells. Colonies on agar plates were screen withaseliferent substrates
representing each of the substrate reaction types catalysed by P@Nsest clones
were shuffled and the process iterated. Using this technique, ihgspwassible to
isolate mutants with higher (16 to 46 times) activities towardsifspeompounds
(Harel, Aharoni et al. 2004; Aharoni, Gaidukov et al. 2005).

1.5 General aim

Owing to the extensive use of organophosphorus (OPSs) insecticides godsHmslity

of using OPs nerve agents (NAs) against civil populations (sedi@ and 1.2.3),
the research and development of enzymes involved in the biotransformatdon a
detoxification of OPs has attracted considerate attention in recent years.

A number of enzymes have been identified which can catalyse theysysirol
of OPs, including nerve agents (section 1.2.4). Two of the best chmedtare
Pseudomonas diminutghosphotriesterase (PTE) (section 1.3) and PON1, a
mammalian member of the Serum paraoxonase (PON) familyiofsetyd). These
enzymes have excellent catalytic properties towards some lDPselatively poor
against others. It has been possible to alter PTE substratevégidy rational site-
mutagenesis, but with little improvements on the wild type ratestibn 1.3.4.1). A
more successful approach has been the application of directed evoluigiss
(sections 1.1.3.1 and 1.3.4.2).

The aim of the present work was to develop variants of PTE withcagaised

catalytic efficiency towards OPs nerve agents. To this endyexted evolution
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platform was developed to enable screening for organphosphatase .adtiugy
method relies in the use of fluorogenic NA analogues as probes.

Chapter 2 refers to the material and methods utilised throughoutesenpr
work; Chapter 3 describes kinetics studies on PTE and PONL1 usinlgidhegénic
NA analogues as substrates, while the platform itself is ibescim detail in Chapter
4. Chapter 5 reports the isolation of PTE variants with increas@dtyacowards
Russian-XV and Cyclosarin NA analogues. Chapter 6 describes thdiliyssi
replacing the metal binding carboxylated Lys-169 of PTE by any oésetue while

restaining enzymatic activity. Finally, the conclusions and future work are sktus
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Chapter 2 Materials and Methods

Objects large and small have secret, vicious lives of their own... manifestly focused on

making man’s life sheer misery.

Fred Vargas, 2001. Have Mercy on Us All

The material and methods presented here are organised in fivense(.l)
Microbiology, which includes all the manipulations of bacterzsdherichia coli
strains), from electroporation to plasmid DNA extraction and sooitgi2.2) DNA
Biochemistry, focusing mainly on different aspects of DNA synthesis and its
manipulation: Polymerase Chain Reactions (PCRs), cloning, vector emggpeard
constructions of libraries.(2.3) Protein Biochemistry ranging from protein
extraction and purification from crude bacterial lysates to the hioiclaé
characterisation of the produc{2.4) Organophosphorus Chemistry which
describes the methods and safety measures taken while manipulating
organophosphates compounds. An@,5) Bioinformatics, which refers to the
software used in the manipulation of protein and DNA sequences, protein

visualisation and imaging.

2.1 Microbiology

2.1.1 Materials

Ampicillin sodium salt and isopropyp-D-thiogalactoside (IPTG) were from Melford
Laboratories Ltd. (Chelsworth, UK). Bacto-tryptone and Bacto-yeasaatxand
Tryptone were from Biogene Ltd. (Kimolton, UK). Antifoam 204 was frogn&
(St. Louis, MO, USA).a-lactose, D(+)-Glucose, Zinc Chloride, and the remaining
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buffers were from BDH (Poole, UK). BugBuster™ was from Novagen énatirth,
UK). PROTRAN Nitrocellulose Transfer membrane (pore size Qi) was from
Schleicher & Schuell BioScience Inc (Dassel, Germany). 384-wielioplates and
pin replicators were purchased from Genetix (Hampshire, UK). Dedmater was

obtained using a Millipore Milli-Q Gradient system (Gloucestershire, UK).

2.1.1.1 Bacterial strains

E. coli DH5a was used for standard DNA manipulation procedutesoli C41 was
used as expression strain in all protein preparatignsoli MC1061 was used and
prepared for library cloning (high electroporation yield).coli XL-1 Blue strain was

used for cloning point mutations.

Table 4. Genotype annotations oEscherichia coli strains.

Escherichia coli Strains Genotype

C41 (Miroux and Walker 1996) BL21(DES3) variant, genotype available.

BL21(DE3) (Studier, Rosenberg et al. 1990y ompThsd$(rg mg) gal [dcm][lon] (DE3)*

(Novagene)

DH5a (ATCC) F supE44 hsdR17 recAl gyrA96 endAl thi-1
relAl deoRt

MC1061 (Casadaban and Cohen 1980) F araD139 A(lac-leu)7696 galE15galK16
A(lac)X74  rpsL(St") hsdR2(km") mcrA
mcrB1

XL1-Blue (Bullock, Fernandez et al. 1987F proA'B" laclAdlacZ)M15::Tnl0 recAl

(Stratagene) endAl gyrA96(N&l thi-1 hsdR17(fm.")

supE44relAllac

* a A prophage carrying the T7 RNA polymerase gene

All the bacterial stocks were kept at —80 °C in 10% (v/v) Glycdtel ®eing flash-
frozen in liquid nitrogen. Any Medium or glassware that had come in diegtct

with bacteria were disinfected with iodine solution.
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2.1.1.2 Buffers and media

Table 5. Recipes for Microbiological Buffers and Mdia

Name Recipe

2x TY Medium 1.5 % (w/v) Bacto- tryptone, 1.0 % WvBacto-
yeast extract, 0.5 % (w/v) NaCl. Stored at 4 °C

2x TY Agar 2xXTY Media, 1.5 % (w/v) agar

1000x Ampicillin stock solution 100 mg thlampicillin (Na-Salt) in mKHO?, 0.22
pm filtered. Stored at —20 °C.

1000x IPTG stock solution 1M in mH,0O, 0.22um filtered. Stored at —20 °C.

Expression Media 2xTY, 100ug mit Ampicillin. Stored at 4 °C.

Growth Medium 2xTY, 1.0% (w/v) D(+)-Glucose, 100uml™
Ampicillin. Stored at 4 °C.

Induction Medium 2xTY, 1mM IPTG, 100ug mI* Ampicillin, 1mM
ZnCl,. Stored at 4 °C.

Agar Growth Medium Growth Medium, 1.5 % (w/v) agar

Agar Induction Medium Induction Medium (no Zind)5 % (w/v) agar

20x NPS stock solution 100mM RC25mM SQ, 100mM Na, 50mM K.
Add in sequence to beaker, and stir. pH should be
[6.75.

50x 5052 stock solution 0.5% (v/v) Glycerol, 0.08%v) D(+)-Glucose,

0.2% (w/v)a-lactose. Add in sequence to beaker,
and stir.a-lactose take&ILhr to be dissolved.

Autoinduction Medium 2XTY, ImM MgSg) 1x5052, IXNPS, 0.5% (v/v)
Antifoam 204, 1mM ZnCl

a. Deionised water (Millipore).

2.1.2 Methods

2.1.2.1 Preparation of electrocompetent cells

Freshly thawed defrosted cells were streaked onto a 2xTY platenauuhted at 37

°C for 16 hrs. 10 ml of 2xTY Medium (in 50 ml polypropylene tube) were inoallate
with one colony and incubated at 37 °C and shaking at 250 rpm for 16 hrs. @terile
litre Erlen-Meyerflasks containing 250 ml 2xTY were inoculated with 2.5 ml from
this overnight culture. The culture was grown at 30 °C with shaking at 250 rpm until it

reached an Ofonm Of O 0.7. The culture was then transferred to autoclaved and
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prechilled 0.5 L spin bottles and incubated on ice for 30 minutes. Ceklshaevested
by spinning at 4000 rpm for 30 minutes. The resulting cell pellet was suspienitie
original volume of ice-cold filter-sterilised mB and respun. Cells were then
resuspended in 40 ml of ice-cold filter-sterilised s@H transfered to ice-chilled 50
ml-polypropylene tubes and incubated for 30 minutes in ice. Pellets prereas 4000
rpm in a pre-chilled bench centrifuge at 4 °C for 20 minutes. Cellstpelere
washed once in 40 ml of 10% (v/v) glycerol in pdHfollowing the same procedure.
Lastly, pellets were resuspended in 20 ml (for standard use) or (fomlibrary
transformations) of 10% (v/v) glycerol in @, aliquoted (10Qul) and dispensed

into prechilled biofreeze vials, flash frozen and stored at %80

2.1.2.2 Transformation by electroporation

Electroporation involves the application of a transient high voltageriebddield to a
mixture of cells and plasmid DNA, thereby enabling DNA to pass througlethe
membrane and be retained (Fiedler and Wirth 1988). Electro-competisntvees

thawed on ice before transformation. H®f these cells and il of DNA were mixed

in a pre-chilled 2 mm path-length electroporation cuvette (EQUIBE@Ltroporation

was performed using BioRad Gene PulserTM Il Apparatus at 2.5 kV vpRage€2
resistance, 2pFD capacitance. 1 ml of 2xTY was added immediately and cells were
incubated at 37C for 20-50 minutes before spreading onto plates containing Growth

Medium.

2.1.2.3 Plasmid DNA extraction

5 ml of Growth Medium inoculated with one colonyEftoli MC1061 or C41, were
left growing overnight (ordinarilyr16 hrs) at 37°C, shaking at 250 rpm. Plasmid
DNA were extracted and prepared using the Qiagen Miniprep Spin ¢Gtding to

the manufacturer’s instructions.
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2.1.2.4 Determination of cell numbers

The approximated number of bacteria in a solution was calculatedheitftormula
Neetis' m= 0.1 ODonm* 1F (using a path-length of 1 cm). When necessary, dilutions
were done to ensure a @ghmreading values between 0.1 and 1.

2.1.2.5 Bacterial-fluorescence screening

2.1.2.5.1 Library Plasmid DNA production

100 pl of E. coli MC1061 cells (7.8 x10cells mI*) were transformed (section
2.1.2.2). with 9 — 12ug (total) of ligated library DNA (section 2.2.2.10.3). After
recovering at 37 °C for 20 — 25 minutes, the cells were plated in jpee28x23 cm
Agar Growth Medium plates and incubated 37 °C for 16 hrs. The bacterial T&l0h (
cfus) obtained was scraped and washed from the plate B@iml of 2xTY medium,

and homogenised (section 2.1.2.3).

2.1.2.5.2 First Round

2.1.2.5.2.1 Plate preparation

50 ul of E. coliC41 Cells (2.1 x10cells mi*) were transformed (section 2.1.2.2) with
100-180 ng of library plasmid DNA. After recovering at 37 °C for 20 — 23utes,
the cells were plated in pre-dried 23x23 cm Agar Growth Mediuneglaiovered
with a 22x22 cm PROTRAN Nitrocellulose Membrane, and incubated 37 °CAfor
hrs. The number and distribution of cfus obtained were tightly controbeding
[5000 per plate. Membranes were carefully detached and inverselg phase23x23
cm plates containing Agar Induction Medium. The plates were inculzdtedom

temperature for 20 — 24 hrs.

2.1.2.5.2.2 Top agar/ substrate addition

25 ml of Top-Agarose Activity formulation (0.5 % (w/v) Agarose, 2x BugBuster
50mM HEPES pH 8.5) (per plate) was prepared and equilibrated at 46r 8D f

minutes. Substrate was added to a final concentration pdVgOmixed, and finally
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poured over a plate that resulted from process in previous sectiobethgs carried
out in the chemical fume hood. Plates were illuminated from aboweav865nm-UV
lamp (230V, 50Hz, SYNGENE). Pictures were taken at different integvals with a
Geneflash system (Syngene) using a standard cut-off glass fifgs €T418nm).
Positive colonies were picked with sterile wooden toothpicks, nottlar5 minutes
after adding the top agar, and transferred to Petri plate containing Gvgavth
Medium (spreading them with a L-shape disposable spreader). The plates
incubated at 37 °C for 16 hrs.

2.1.2.5.3 Second round

2.1.2.5.3.1 Preparation of 384-well microplates
384-well microplates were filled with 501 Growth Medium §tock Plates 4 — 16

colonies from each Petri plate were transferred (one per aval)incubated at 37 °C
for 16hrs. Large volume 384-well microplates were filled with40of Induction
Medium Assay Plates into which the Stock Plates were replicated using 348-pin
disposable plate replicators. The Assay Plates were incuba&@@&d’@tfor 16 — 36 hrs,
and Stock Plates were kept at 4 °C.

2.1.2.5.3.2 Assaying 384-well microplates

The AUsoonm (pathlength of (0.5 cm) of Assay Plates was measured using a
SpectraMAX 190 Microplate spectrometer (Molecular Devices)ndgJsi Multidrop

384 (Labsystems), 4@ of 50mM HEPES pH 8.5, 2x BugBuster, 2% (v/v) DMF, and
10 uM substrate, were dispensed into the plates. The apparition of prodsct wa
immediately measured following the change in fluorescence (emiss 355nm,
excitation = 460nm, cut-off = 455nm) with a SpectraMAX GeminiXS rbltate
spectrofluorimeter (Molecular Devices).
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2.1.2.6 Growth of bacteria and harvest for protein expression

Exact expression conditions, such as induction temperature and durationaviede
in specific cases in order to maximise production of soluble protein, ieove!
protocols used the same following general guidelines.

2.1.2.6.1 IPTG induction

3 ml of Growth Medium was inoculated with one colony of freshly transédrin

coli C41 and incubated at 37 °C and 250 rpm overnight. One litre of Expression
Medium was inoculated with 3 ml of the overnight preinocule. The flask wa
incubated at 37 °C with shaking at 240 rpm. Protein expression was tyjckibed

with 0.1 — 1 mM IPTG and 1mM Zn&When the culture reached at §5mof 0.6 —

0.8. After induction the temperature was drop to 18 °C and left growingritef 36

hrs. Cells were harvested at 15 krpm for 20 minutes in a Sorvall®@BR@re-cooled

to 4 °C. The cell pellet was stored at -20 if purification was not started the same

day.

2.1.2.6.2 a-lactose induction (Autoinduction)

3 ml of Growth Medium was inoculated with one cfu of freshly transéorEa coli

C41 and incubated at 37 °C and 250 rpm overnight. One litre of Autoinduction
Medium were inoculated with 3 ml of the overnight preinocule. The flagk®
incubated at 37 °C, shaking at 240 rpm. The temperature was drop after h@std.2

25 °C for a further 16 — 24 hrs. Cells were harvested at 4000 rpm for 20esinua

Sorvall® RC 3B pre-cooled at 4C. The cell pellet was stored at - 2C if

purification was not started the same day.

2.1.2.7 Cell Lysis

2.1.2.7.1 Sonication

Cell pellets (from 1 — 3 litres of medium) were resuspended in 46f Mi-Lysis
Buffer or 50mM HEPES pH 8.5 (see section 2.3.1.1), transferred to 50 mi

polypropylene tubes, and chilled in ice for 10 minutes. The sonication wasrpedf
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on ice, power 8 of a Sonicator XL (Misonik Incorporated) for a tote8 afinutes,

typically with 10 seconds on and with 30 seconds off.

2.1.2.7.2 Detergent Lysis

Whenever low volumes (0.1 — 1 ml) of soluble fractions were needed, dacahem
treatment was used to obtained soluble fractions. 1 ml of bactediaire was
transferred to a clean 1.5 microtube and spun in a bench microcentafugeninute

at 13,000 rpm. The pellet obtained was resuspended in 0.2 ml of Bugbuster™
(Stratagene). The reaction mix was vortexed for 1 minute and incubatedrna
temperature before being spun for 1 minute at 13,000 rpm. The supernant, i.e. crude

soluble fraction, was transfered to a clean microtube.

2.2 DNA Biochemistry (Molecular Biology)

2.2.1 Materials

All enzymes and corresponding buffers were from New England BioLab®i(Be
MA, USA) apart from TurbBfu polymerase which was from Stratagen (La Jolla, CA,
USA), Superaq polymerase from HT Biotechnology Ltd. (Cambridge, UK) , and
Bpil from Fermentas Inc. (Hanover, USA). DNA Miniprep, PCR Puaiin and Gel
Extraction kits were purchased from QIAGEN (Hilden, Germany). Hggddr |
DNA marker was from Bioline Ltd. (London, UK). Ampicillin and isopropfD-
thiogalactoside (IPTG) were from Melford Laboratories Ltd. (Gheith, UK).
Ultrapure deoxynucleotides (dNTP) were from Amersham Biosciengesitdited
(Little Chalfont, UK). Hi-Pure Low EEO Agarose was from Biogéme. (Kimolton,
UK).

2.2.1.1 Oligonucleotides

Oligonucleotides were ordered from TAGN Ltd. (Newcastle, UK) erenproduced at
the MRC Laboratory of Molecular Biology (Cambridge, UK). Those to be used
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point and indel mutagenesis, and library construction were ordered HelL€rSg
phase) purified.

2.2.1.1.1.1 Sequencing

P020404C 5-GGTCGTCAGACTGTCGATGAAGCC-3
P020404D 5-CGCCAGGGTTTTCCCAGTCACGAC-3
PTE-1 5-GGCGACCCCCTTTCAGGA-3’

PTE-2 5-CTGTGACCAATACAAACC-3

T7Rev 5-TAATACGACTCACTATAGGG-3’

T7For 5-TAATACGACTCACTATAGGG-3

Table 6. Primer used for DNA sequencing.

Primer Code Binding Site
P020404C PMAL vector (5'end)
P020404D pMAL vector (3'end)

PTE-1 opdgene
PTE-2 opdgene
T7Rev T7 Terminator
T7For T7 Promotor

2.2.1.1.1.2 Cloning

P020404A 5’-GGATTTCAGAATTCTACAAAGATGACGATGATA-3’
P020404B 5-AAGCTTGCCTGCAGTTATTACGCATAATCCGGC-3’
P220404-A5'-GGAGATATACCATGGACTACAAAGATGACG-3
P220404-B5’-GCTGCAGAGCTCTTATTACGCATAATCCGG-3'
P020604-B5-GGTAGAATTCTTATTAACCGCCGGTACCTGACGC-3’
P040804A 5-CAAGGATCCATCACCAACAGCGGCGATCGG-3
LMB2-1 5-CAGGCGCCATTCGCCATT -3

LMB2-2 5-CAGGCTGCGCAACTGTTG -3

LMB2-3 5- GGAAGGGCGATCGGTGCG -3

LMB2-4 5-GGCCTCTTCGCTATTACG -3

LMB2-5 5- CCAGCTGGCGAAAGGGGG -3

LMB2-6 5- ATGTGCTGCAAGGCGATT -3’

LMB2-7 5- AAGTTGGGTAACGCCAGG -3’

LMB2-8 5-GTTTTCCCAGTCACGACG -3
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LMB2-9 5- GTAAAACGACGGCCAGT -3’
PIVB-1 5'- AGAAATTGCATCAACGC -3
PIVB-2 5'- CGAGAACGGGTGCGCAT -3’
PIVB-3 5'- GCGGTCGGACAGTGCTC -3
PIVB-4 5- ACTGGGCGGCGGCCAAA -3’
PIVB-5 5'- GTAGCGAAGCGAGCAGG -3
PIVB-6 5'- GTCGATAGTGGCTCCAA -3’
PIVB-7 5- GTCGCCATGATCGCGTA -3
PIVB-8 5'- TCCACAGGACGGGTGTG -3
PIVB-9 5'- GGAACTATATCCGGATA -3’

Table 7. Primers used in the cloning obpd genes.

Primer Code Restriction Site Gene Localisation Vearr
P220404-A Ncol ivp For pIVEX
P220404-B Sacl ivp Rev pIVEX
P020604-B EcoRl opd For pHLT
P040804-A BamHI opd Rev pHLT
P220404-A Ncol ivp For pTrc99a
P220404-B Sacl ivp Rev pTrc99a

2.2.1.1.1.3 Site Directed Mutagenesis

P230704-C5'-AATGACTGGACGTTCGGGTTT-3’
P230704-D5-AAACCCGAACGTCCAGTCATT-3
P290704-A5'-AGGGCGGGCATTATCCTGGCCTCCGGAACCACAGGCAAGGCGACC-3’
P290704-B5-GGTCGCCTTGCCTGTGGTTCCGGAGGCCAGGATAATGCCCGCCCT-3
P290704-C5-AGGGCGGGCATTATCCTCTGCGCGGCAACCACAGGCAAGGCGACC-3
P290704-D5’-GGTCGCCTTGCCTGTGGTTGCCGCGCAGAGGATAATGCCCGCCCT-3’
P290704-E5-AGGGCGGGCATTATCAAGGTCGGCGGCACCACAGGCAAGGCGACC-3
P290704-F5'-GGTCGCCTTGCCTGTGGTGCCGCCGACCTTGATAATGCCCGCCCT-3
P040804-D5’-GGTCTAGACGGGATCCCGTGGAGTGCGATTGG-3
P040804-E5-CCAATCGCACTCCACGGGATCCCGTCTAGACC-3

P270804-A 5’-AGGGCGGGCATTATCGAGAGCGGGACCACAGGCAAGGCGACC-3

P270804-B 5-GGTCGCCTTGCCTGTGGTCCCGCTCTCGATAATGCCCGCCCT-3'

P290804-E 5-AGGGCGGGCATTATCAAGGTCGGCGGCACCACAGGCAAGGCGACC-3
P290804-F 5-GGTCGCCTTGCCTGTGGTGCCGCCGACCTTGATAATGCCCGCCCT-3
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Table 8. Primer used in the construction of point mtations.

Primer Code Modified Residues
P230704-C L303T(for)
P230704-D L303T(rev)
P290704-A K169LA, V170S, A171G (for)
P290704-B K169LA, V170S, A171G (rev)
P290704-C K169LC, V170A (for)
P290704-D K169LC, V170A (rev)
P290704-E K169KV, V170G, A171G (for)
P290704-F K169KV, V170G, A171G (rev)
P040804-D H254G/H257W (for)
P040804-E H254G/H257W (rev)
P270804-A K169E, V170S, A171G (for)
P270704-B K169E, V170S, A171G (rev)
P270804-C K169R, V170V, A171H (for)
P270804-D K169R, V170V, A171H (rev)

2.2.1.1.1.4 Libraries

2.2.1.1.1.4.1 Binding pocket

P010704A
P010704B
P010704C
P010704D
P010704E
P010704F
P010704G
P010704H
P010704
P010704J
P010704K
P171004
P010704M

5-CTCGCAACTGAAGACTTGCACATCTGCNNSAGCTCGGCAGGA-3
5-CTCGCAACTGAAGACTTGTGCTCGTGAGTCAGTGTGAA-3’
5-CTCGCAACTGAAGACTTACCGGCTTGTGGNNSGACCCGCCACTT-3’
5-CTCGCAACTGAAGACTTACCGGCTTGNNSNNSGACCCGCCACTT-3
5'-CTCGCAACTGAAGACTTCGGTCGCCGCCACGATATGAA-3'
5-CTCGCAACTGAAGACTTTCTTCTAGACCAATCGCACTSNNCGGGATSNNGTCTAGACC-'3
5'-CTCGCAACTGAAGACTTAAGATAATGCGAGTGCATCAGCCNNSCTGGGCATCCGT-3'
5-CTCGCAACTGAAGACTTGAATGACTGGCTGTTCGGGTTTTCGNNSNNSGTCACCAACATC-3’
5-CTCGCAACTGAAGACTTGAATGACTGGNNSTTCGGGTTTTCGNNSTATGTCACCAACATC-3
5-CTCGCAACTGAAGACTTGAATGACTGGCTGTTCGGGNNSTCGAGCNNSGTCACCAACATC-3
5-CTCGCAACTGAAGACTTATTCGAAACGAGGATTTGTTT-3'
5-CTCGCAACTGAAGACTTATCATGGACGTGNNSGATAGCGTGAAC-3
5-CTCGCAACTGAAGACTTTGATGTTGGTGACATAGCTCG-3

P090804-A 5'-CTCGCAACTGAAGACTTCGACTTTCGATNNSGGTCGCGACGTC-3’
P090804-B 5'-CTCGCAACTGAAGACTTGTCGACACATCGACAATCGTT-3
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Table 9. Primer used in the construction of substri@ binding libraries

Primer Code Residues Targeted
P010704A G60
P010704C F132
P010704D W131, F132
P010704F H254, H257
P010704G L271 (Rev)
P010704H S308, Y309
P010704I L303, S308
P010704J F306 Y309
P171004 M317
P090804-A 1106

2.2.1.1.1.4.2 Metal Binding

P050302A  5-GTCCTCGCAACTGAAGACTTTTAGGGCGGGCATTATCNNSNNEBEMIGCAAG-3'
P050302B 5-GTCCTCGCAACTGAAGACTTTTAGGGCGGGCATTATCNNSNNEMIRBGCAAG-3'
P050302C 5-GTCCTCGCAACTGAAGACTTTTAGGGCGGGCATTATCGSAGABYCOBEAGGCAAG-3’
P050302D 5-GTCCTCGCAACTGAAGACTTTTAGGGCGGGCATTATCNNSGABGNNEBSAGGCAAG-3’
PO50302E 5-GTCCTCGCAACTGAAGACTTTTAGGGCGGGCATTATCNNSNNSWEEBEAGGCAAG-3’
P210302GBO5-GTCCTCGCAACTGAAGACTTCTAATTCCGGTGTCTTCGATGCOBTBATT

P180404A 5-CTCGCAACTGAAGACTTCGATGTGTCGNNSTTCGATATCGGT-3'

P210704-A 5-CTCGCAACTGAAGACTTATCGACAATCGTTCGCACGCC-3

P180404C 5-CTCGCAACTGAAGACTTTCGTGGCGNNSACCGGCTTGTGG-3

P210704-B 5-CTCGCAACTGAAGACTTACGATATGAACGTCGGCA-3’

Table 10. Primer used in the construction of metabinding libraries

Primer Code Residues Targeted
P050302A K169, V170a, A171b
P050302B K169, V170, Al71a
P050302C K16%E, V17G A171b
P050302D K169aE, V17, Al171b
P050302E K169aa, V170, A171b

P210302GBO Rev(K169, V170, A171)
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2.2.1.2 Buffers and Solutions

Table 11. Recipes for DNA Biochemistry Buffers and/edia

Name Recipe

6Xx Agarose gel loading buffer 40 % (w/v) sucros50% (w/v) bromophenol
blue

10x TBE buffer 890 mM Tris-base, 890 mM boric acd mM
EDTA (pH 8.0)

2x W+B solution 10 mM Tris HCI pH 7.4, 1 mM EDTAMNaCI

PCR Buffer (no MgG). 10 mM Tris HCI, 01% Triton X-100, 50 mM KCI

20x dNTPs stock solution 5mM each dNTP

10x T4 Ligase Buffer stock solution 20 ul aliqustsred at —20 °C.

2.2.1.3 Vectors

2.2.1.3.1 pIVEX 2.6a (Roche)

The pIVEX 2.6a vector is designed for high-level expression of HA-taggeeimsoh

the cell free RTE. colisystem. The vectors contain all regulatory elements necessary
for in vitro expression based on a combination of T7 RNA polymerase and
prokaryotic cell lysates. The introduction of a N-terminal Flag (@hiand Roeder
1993) and a C-terminal HA-tag (Field, Nikawa et al. 1988) providepid naethod of
detecting and purifying proteins of interest. The vector provides a riboisiiieg

site and confers resistance to 10§ mI* ampicillin. pIVEX 2.6a contains binding

sequences for series of nested primers: the LMB2, LMB3 and PIVB series.

All the constructs cloned in pIVEX bear a N-terminal Flag and a C-terminal $1A ta

2.2.1.3.2 pTrc 99A (Amersham Pharmacia Biotech)

pTrc 99A is a derivative of the pKK233-2 expression vector which has a strong
promoter and a strongnB transcription termination signal downstream. The vector

provides a ribosome-binding site and confers resistance tpdlo0" ampicillin.
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2.2.1.3.3 pHLT

pHLT is a homonym for a pRSET-A-derived (Novagene) vector designed for high-
level protein expression and purification from cloned genes in T7 pronupeortive

E. coli strains (Dodd, Allen et al. 2004). The DNA inserts are positioned doeanst

and in frame with a sequence that encodes a 6xHis Tag followed by thrediypke
Lipoyl Domain. When the polypeptide product is produced a Tobacco Etch Virus
(TEV) protease cleavage recognition sequence (Polayes, Goldstein1894) is
encoded between the Lipoyl Domain and the target. The vector provides@mnéos

binding site and confers resistance to E§ani* ampicillin.

2.2.1.3.4 pMAL-c2g (New England Biolabs Inc.)

In pMAL-cg2, the cloned gene is inserted down-stream fronmtake gene, which
encodes maltose-binding protein (MBP). This results in the expressian BIBP-
fusion protein, using @atac promoter. Expression from the pMAL vectors has been
proven to enhance the solubility of proteins expressédfl iroli (Kapust and Waugh
1999).

2.2.2 Methods

2.2.2.1 Polymerase Chain Reaction (PCR)

DNA was amplified and manipulated using the Polymerase Chain Req&CR).
Standard amplifications were carried out in final a volume afl5@pically
containing: 5 — 50ng of template DNA, 12.5 mmoles of each dNTP, 25 pmoles of each
primer, 5 units of Sup&iaq polymerase or 5 units &ffu Turbo polymerase. In most
cases, the thermal cycling was carried out on a DNA Engine PTC&0& Hhermal
Cycler (MJ Research) using the following progranf.®4or 3 minutes (stepl); 94 °C

for 1 minute (step2); 50 °C for 1 minute (step3); 72 °C for 1 minutp4xteepetition

of steps 2 to 4 for 25 cycles; and 72 °C for 5 minutes. The reaction asixhen kept

at 4 °C or —20 °C until needed.
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PCR products were confirmed by DNA Electrophoresis (section 2.2.2.4).

2.2.2.1.1 PCR using DNA/beads as templates (bPCR)

Once the DNA-biotin had been purified and bound to streptavidin beads (section
2.2.2.8), bPCRs were carried out in final a volume of 200with 10 pl of
DNA/beads, 50 mmoles of each dNTP, 100 pmoles of each primer, and 20 units of
Supeilag polymerase, with the following thermal cycle:°@4for 3 minutes (stepl);

94 °C for 1 minute (step2); 50 °C for 1 minute (step3); 72 °C for 1 mistep4);
repetition of step 2 to 4 for 25 cycles; and 72 °C for 5 minutes. Theareaaix was

kept at 4 °C or -20 °C until needed.

2.2.2.1.2 Inverse PCR (iPCR)

IPCR amplifications were carried out in final a volume ofubQypically containing:

10 times more DNA template than for standard PCR (50-250 ng), 12.5 mafoles
each dNTP, 25 pmoles of each primer, and 5 units of Ritbpolymerase. The
thermal cycle was run on a DNA Engine PTC-200 Peltier ThermaleCyiMJ
Research) with the following program: 9€ for 3 minutes (stepl); 94 °C for 1
minute (step2); 50 °C for 1 minute (step3); 72 °C for 7 minute (stepdgtition of
step 2 to 4 for 25 cycles; and 72 °C for 7 minutes. The reaction mitheakept at 4

°C until needed.

2.2.2.2 Restriction endonucleases digestion

Restriction endonucleases were used according to the manufactasgristions.

Digestions were done in a final volume of| 80

2.2.2.3 DNA ligation for standard cloning

Standard sticky-end ligations were performed using T4 DNA ligasdinalavolume
of 10 — 30ul. Typically, 0.6 — 2.5 ng (0.5 — 1.8 pmoles if 1000 bps) of insert and 0.2 —

1 pg of vector were used. Vector to insert ratios ranged from 1:3 to 1eigatiMe
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control reactions containing vector DNA only were included. The ligatiotiumas
were left at room temperature for 2 hrs or overnight af@6A variation of this

protocol was used for ligation of libraries into vectors (see section 2.2.2.10.3).

2.2.2.4 DNA electrophoresis

In order to resolve a mixture of DNA by weight (typically ranging betw@d and 5
kbps), the DNA solution was subjected to electrophoresis at a cowstaent of
100mA in a1 - 2 % (w/v) agarose, 2 ng/ml ethidium bromide gel made willBEXx

buffer. Hyperladder | from Bioline was used as DNA molecular weight marker.

2.2.2.5 DNA quantification

Concentrations of plasmid DNA were measured by UV light absorptic6@im
using a Nanodrop (Nanodrop Technologies). L& =50ug dsDNA was assumed.

2.2.2.6 DNA Purification by electrophoresis
After standard electrophoresis (section 2.2.2.4), the bands were viduaider UV

light and those of correct size were excised, and purified using geiGel

Extraction Kit according to the manufacturer’s instructions.

2.2.2.7 DNA Purification using affinity columns

To remove salt, buffer, and proteins from a solution containing DNA, geQi2CR

Purification Kit was used according to the manufacturer’s instructions.

2.2.2.8 DNA purification by biotin/streptavidin coupling

2.2.2.8.1 DNA capture on beads
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50 ul (500 pg per binding reaction) of M280 Streptavidin Dynabeads (DfhaBre
washed twice with 20Qul 2x W+B solution, and resuspended in fD2x W+B
solution. The washed beads were added to each PCR / ligation andr trarcdéan
1.5 ml microtubes. The mixture was incubated for 2 hours at 37 °C weth setond

mixing step of 1400 rpm, every minute using, a Thermomixer comfort (Eppendorf).

2.2.2.8.2 Bead washing

Each tube containing the DNA-beads was washed three times witpl ZBOW+B
solution and twice with 20l 1x PCR buffer without MgGl The beads were
resuspended in 44 of 1x PCR buffer with MgGI(1.5 mM final concentration).

2.2.2.9 Point-mutants constructions

Complementary primers containing the desired mutation were usedPi@Ra with
methylated dsDNA as template (plus a non-template control). édtapetition of the
PCR, mixtures were incubated withpd of Dpnl at 37 °C for 1 — 3 hrs to remove
residual (methylated) parental DNA. 1 was used to transform 104 of E. coli

XL1-Blue cells. Plasmid DNA were extracted and sent for sequencing.

2.2.2.10 Construction of libraries

DNA Libraries were constructed using reverse and complementary oligotides
bearing a recognition site for the restriction endonuclease Bbslisodhizomer Bpil
(Figure 6). In all library constructions, the pIVEX vector was usedea®late.
pIVEX contains adjacent primer binding regions flanking regions up- and doemstre
of the cloned gene, allowing the usage of nested primers series;2|.\B/P and
LMB-3.

2.2.2.10.1 Construction of single-region libraries

21100pl (500 ug) of Dynabeads (3.35 x ibeads) binds ~10 pmoles 1kb DNA (6 *4olecules)
or 5 pmoles of a 2-4kb dsDNA (3 x f@nolecules). Hence, 5@ should bind 5 pmoles 1kb dsDNA (3

x 10" molecules).
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Using a standard PCR procedure (section 2.2.2.1), DNA fragments watedcup-
and downstream from the regions to be randomised. Triple biotinylated arpstre
primers (LMB2 series) were used, resulting in PCR products betrasg probes.
After purification with a PCR Purification Kit (Qiagen), the RGproducts were
incubated with 20U of Bbsl or Bpil enzyme in a final volume ofu8@or 3 hrs at 37
°C. After purification using a PCR Purification Kit (Qiagen), thgedted fragments
were mixed in equimolar ratios (typically 10 pmoles ingb0and incubated with T4
Ligase for 16hrs at 10 °C (or for 30 hrs at 4 °C). The ligation produats me
purified capturing the biotin tags with streptravidin coated beadsqsex2.2.8). The
DNA was recovered and reassembled from the beads with an addRidRa{section
2.2.2.1.1).
Nested primers, both up- and downstream, were used in every PCR step. The

final PCR had to be scaled up prior to ligation into the vector, in dedproduce

sufficient material (B0 pg) for the ligation.

2.2.2.10.2 Construction of multiple-region libraries

For most of the libraries created, more than one region had to be raedomihen

two regions needed to be targeted, two consecutive single-region libratguctos

steps (section 2.2.2.10.1) were needed. However, when three regions had to be
diversified, several single-region library construction steps wemgemni® keep the

rounds of PCR to a minimum (Figure 7).

2.2.2.10.3 Cloning of libraries into vector

In order to increase the transformation efficiency of libranés bacteria, ligations of
constructed libraries into vectors were performed as follows. ibrmgatwere
performed using 2 units T4 DNA ligase in a final volume of aDO'ypically, 10 — 35
Mg (6 — 24 pmoles if 1000 bps) of insert and 4 u@&f vector were used. Vector to
insert ratios were 1:3. The ligation mixtures were left atQ.@or 16 hrs or at 4C for
36 hrs.
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Gao0

5 W GAAGOEGETTT CACACTGACTCACGAGCACATCT GUBG CAGC TCSGCAGGATTCTTEC TGl *
3 LCTTOGCC CAAAGTETGACTGAGT GCTC GTE TAGACGOUC GTCGAGCCETCC TAAGAACG CAC.LS Y

E & ¢ F T L T H E H I ¢ @& a3 4 A = F L R
A l
Anealing Region

3’mCTTCGCCCAAAGTGTGACTGAGTGCQCGTGTAGACGCCGTCGAGCCGTCCTFAGAACGCACmS’
r} S —CTCECAACTEAAGAC TG CACAT CTGCHNS AGCTOSECAGES

Primer R\
P0107T044 Bbsl Binding Sites Primer
‘\Eg FO10T04E

3 S RAGTETGACTGAGTGCTCGTEITCACAAGT CAACGCTC -5 =
5 L EAAGOEEETTT CACACTGACTCACGAGCANATCT GCE6CAGC TCSECAGSATTC TTGC GTG...3 7

Anealing Region
B

S -ETCCTCGCAAC TIGAAGACTT- 37 Ehbsl Cleavage Sites

SECACATCTSCHN S AGC TCGECAGGATTC TTGC GTE.. 37
3 LCTTCECCCAAAGTET GACT GAGTGCTCETE -5

37 -TTEAGAAG TCAACT CTCCTE— 5!

°

5 L GAAGCOGEETTT CACACTGACTCACGAGCACATCTGCHN S A TGS CAGEATTC TTGC BTG...3 7
3 LT CAAAGTET CACTGAGTGCT CETETAGACGCC GTCEAGCCGTCC TALGAACGCOAC,, O
E A& & F T L T H E H I ¢ X a3 5 A & F L R

Figure 6. Library construction by ligation of reverse and complementary oligonucleotides. (A)

Two sets of primers were designed (P010704A andP®IB) to anneal to adjacent regions near the

codons to be modified (in this case G60). Thesmens contained a Bbsl restriction endonuclease
recognition site, and one of them (P010704A) ctessis mixed oligonucleotide population bearing
codon targeted diversity. Using separate PCRs aset af complementary primers (not shown), two
complementaryppd regions were create(B) By digesting with Bbsl, both the creation of stiefids
(used in a subsequent product ligation), and theowval of the self-adhering endonuclease binding sit

were ensured(C) A final PCR reassembled and amplified the ligateodpcts, resulting in aopd

population with targeted diversity.
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Figure 7. Mutiple-sites library construction. Schematic representation of the vector pIVEX-ORD a

the primer binding regions flanking thepd gene. R1, R2 and R3 represent three regions to be
diversified. Steps Al, B1 and A2, B2 show the twargllel single-region library construction steps
(section 2.2.2.10.1) of the R1 and R3 regions. @nhese two sets of genes were reassembled, each was
used to generate the up- and downstream fragmé&R8 the same manner as used for construction of

the single-region libraries.

2.2.2.11 DNA sequencing

Typically, 500 ng of dsDNA were sent to MRC Geneservice (Hinxton, UK)aok
(Lark Technologies Inc.). Whenever necessary, 100 pmoles of primersneieiced

(Table 6). (See section 2.5.1.2 for sequence analysis).

2.3 Protein Biochemistry

2.3.1 Materials

Paraoxon, Coumaphos and Protamine sulphate salt were purchased from-SIGMA
Aldrich (Dorset, UK). Dimethylformamide (DMF), Calcium Chlorid€&Ch), Zinc
Chloride (ZnC}), Phosphate Buffers, Imidazole, Sodium Chloride and Sodium
Sulphate from BDH Laboratory Supplies (Leicester, UK). Ampiciiodium salt,
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isopropyl B-D-thiogalactoside (IPTG), N-2-Hydroxyethyl piperazine N’-2-
2ethanesulfonic acid sodium salt (HEPES sodium salt), and Dithioih(l@ifT) from
Melford Laboratories (Chelsworth, UK). N-2-hydroxyethyl piperazine N’-2-
2ethanesulfonic acid (HEPES) and Sodium Chloride (NaCl) from FSbientific
(Loughborough, UK). Centriprep concentrators were from Millipore (Bedford, MA
USA). Minisart HighFlow filters were from Sartorius (Gotting&ermany). Dialysis
membranes came from Spectrum (Houston, TX, USA), Novex pre-castedagél
MES buffer were from Invitrogen (Paisley, UK). Ultra pure Guanidinium
hydrochloride was from ICN Biomedicals Inc. (Ohio, USA). Vivas 20 ml
Concentrators were from VivaScience (Hanover, Germany). BCA Rrétsay Kit
was from Piece (Cramlington, UK).

52



Chapter 2. Materials and Methods

2.3.1.1 Buffers and Solutions

Table 12. Protein Biochemistry Buffers and Media

Name

Receipt

2x SDS Sample Loading Buffer

Coomassie Blue Staining Solution

Destaining Solution

Ni-Lysis Buffer

Ni-Elution Buffer

Inclusion Body Resuspension Buffer
Inclusion Body Isolation Buffer

Inclusion Body Denaturation Buffer

Refolding Buffer

10 mM Tris-HCI pH 68) % (v/v) glycerol,
2.5% (w/v) SDS, 5% (v/v) 2-mercaptoethanol and
0.001% (w/v) bromophenol blue

50 % (v/v) ethatbl % (v/v) acetic acid, 0.2 %
(w/v) Coomassie Blue R250

25 % (v/v) ethanol, 10 % (wéegtic acid
50 mM Potassium phosphate ({KP300 mM
NaCl, 10 mM Imidazole pH=8.0
50 mM Potassium phosphate ({KP300 mM
NacCl, 250 mM Imidazole pH=8.0

50 mM HEPES pd=8

50 mM HEPES pH=8300 mM NaCl, 1% (v/v)
Triton X-100 pH=8.0

6 M GdmHCI, 5S0vhHEPES pH =8.0, 500 mM
NaCl, 1 mM 2-mercaptoethanol, 01 ZnCl,

50 mM HEPES pH =8.0, 5 mM DTT, 5aM
ZnCl,

2.3.2 Methods

2.3.2.1 Protein expression (after Sonication)

The sonicated crude lysates (section 2.1.2.7.1) were centrifuged at 15,008 & f

minutes using a Sorvall SS34 rotor &Gl The supernatants were filtered using a 0.2

um Stericup™ disposable vacuum filter device (Millipore), and kept on ice.

2.3.2.2 Protein purification

Two different strategies were used when purifying PTE and its ntariél)

Fractionating crude lysates with Protamine and ammonium sulphatefeiidiwed by

gel filtration and anion exchange chromatograpg®y.Using N-terminal His-tagged

constructs with a Nickel-NTA affinity column.
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For the purification of PONs, crude lysates were received in caniom
sulphate from Dr. Dan Tawfi&. The lysates were further processed, and PONs were
batch-purified by Nickel-NTA affinity in batch.

2.3.2.2.1 Omburo method

The method describe in Omburo (Omburo, Kuo et al. 1992), was employed tedurifi
PTE and PTE-5 (Chapter 3). The following modifications were included.

2.3.2.2.1.1 Protamine sulphate

Protamine sulphate salt (Grade X, from Salmon) solution was addediskeopvith
stirring, at room temperature to a pre-filtered cell crude ¢dygahce the desired final
concentration was reached 4% (v/v), the mixture was left incubating fisther 30
minutes. The precipitates were removed from the soluble fractiorpiboyiisg at
10,000 rpm in a SLA3000 Sorvall rotor at 4 °C.

2.3.2.2.1.2 Ammonium sulphate

Saturated ammonium sulphate solution was added dropwise, with stirringprat
temperature, to the soluble fraction obtained after the protamine w®lpha
fractionating. The volume of solution of ammonium sulphate needed to rdeci a

45% (v/v) concentration (V) was calculated using the formula \{ £¥S)) (1-S) %,

where $ (= 0), S (= 0.45), anav; were the initial and final ammonium sulphate
concentration, and the initial sample volume, respectively. Aftethallammonium
sulphate had been added, the mixture was further incubated for an hour. The
precipitates were collected from the soluble fraction by spinningOakrpm in a
SLA3000 Sorvall rotor, and resuspended in 10 ml of ice-cold 50 mM HEPES pH 8.5,
0.2pum filtered, and kept on ice.

22 Department of Biological Chemistry, The Weizmanstitute of Science, Rehovot 76100, Israel.
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2.3.2.2.2 Gel filtration

Using a Pharmacia low pressure system, a 4 — 7 ml preparatopuvdhrough a
Superdex-75 column (Pharmacia — Pfizer) equilibrated with 50 mM ISEFHE 8.5,

50 mM NaCl. Fractions were analysed by PAGE (section 2.3.2.5.1) and poséztl ba
on absorbance at 280nm and enzymatic activity (hydrolysis of 0.25 midx@araas
described in section 2.3.2.5.3).

2.3.2.2.3 Perfusion chromatography

Using a Vision ™ WorkStation (Applied Biosystems), the pooled fractioage w
loaded into POROS ® 20HQ and 20PI Perfusion Chromatography columns in tandem,
pre-equilibrated with 50 mM HEPES pH 8.5, and eluted with a linear NaCl gradient of
0 - 400mM over 50 column volumes. The elution buffer was exchanged to 50 mM
HEPES pH 8.5, 50 mM NacCl, using Centricon bench centrifuge filtersavitbkDa
cutoff. Proteins were quantified and a purity above 90% was verified WyEPA
(section 2.3.2.5.1). Aliquots were dispensed, fast frozen in liquid nitrogen,agd st

at —80 °C for subsequent use.

2.3.2.2.4 Purification of PONs

PONSs cloned into a pET32-trx (Novagen) system were expresgedcal Origami B
DE3 (Novagen). Cell pellets were harvested and resuspended in 50 sipHE3.0,
1mM CaC}, 50mM NaCj, 0.1 mM DTT, and M Pepstatin A (PL Buffer). Cells
were lysed by sonication and the recovered supernatant incubated with Ov)1% (v/
Tergitol for 2.5 hrs. The solutions were further fractionated with 5%%v)(
ammonium sulphate, and the pellets stored at 4 °C. Up to this point, tesreas
by Dr. Leonid Gaidukov in Dr. Dan Tawfik’s laboratdfy

The pellets were resuspended in ice cold PL Buffer with 0.1% (\ggifbl,
and dialysed consecutively against PL Buffer and then 50 mM Tris pH=8.0, 1mM
CaCb, 50mM NaC}, 0.1% (v/v) Tergitol (PA Buffer), at 4 °C. The solutions were
incubated with 2 ml Ni-NTA Resin slurry (Qiagene) in 300mM NaCl, 20mM
Imidazole, PA Buffer, at 4 °C for 16hrs. The resin was further whshg 300mM
NaCl, 35mM Imidazole, PA Buffer and eluted with 150mM Imidazole, RAfds.
The eluted fractions were dialysed against PA Buffer, supplemerite®.02% (w/v)
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sodium azide, and stored at 4 °C. Proteins were quantified by BCArPAs®ay Kit,
and analysed by SDS PAGE.

2.3.2.3 His-Tag affinity method

2.3.2.3.1 First Ni-NTA column

The filtered supernatant, product of autoinduction (section 2.1.2.6.2), were loaded
through pumps onto a 25 ml Nickel-NTA (Qiagen) column equilibrated withsLysi
Buffer using a Pharmacia low pressure system at a flow rate of 5l fihe protein

was eluted using Ni-Elution Buffer while 8 ml fractions were extd. These
fractions were analysed by SDS PAGE and for enzymatic activity ¢tygis of 0.25

mM Paraoxon). Fractions containing the target construct were pooleda(lypi24

ml total). 1 mg of TEV protease (produced according to manufacturer’'sisgecns)

per 50-200 mg of protein was added to samples and dialysed using a Spe&ra/P
Membrane MWCO=3.5 kDa against 1000x sample volume of Lysis Buffér@tfdr

16 hrs.

2.3.2.3.2 Second Ni-NTA column

The dialysed samples were Quéh filtered and loaded through pumps onto a 25 mi
Nickel-NTA (Qiagen) column equilibrated with Lysis Buffer usiag®harmacia low
pressure system at a flow rate of 5 ml thiRlowthough fractions were collected and
analysed by SDS PAGE and for enzymatic activity (hydrolysisO@b mM
Paraoxon). Fractions containing the target construct were pooled, cateerdnd
buffer exchanged with 50 mM HEPES pH 8.0 using a 20 ml Vivaspin contentra
membrane. The preparation was divided into 1 ml aliquots, flash frozestaed at -
80°C.

2.3.2.4 Protein Refolding

2.3.2.4.1 Inclusion body preparation
Two litres ofE. coli C41 / pIVEX-PTE-K169GE (PTE-G1) were grown, induced and

harvested as described in section 2.1.2.6.1. Cell pellets were resuspended in 80 ml
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Inclusion Bodies Resuspention Buffer, sonicated on ice for 2 minutes (10s on, 30s off)
and spun at 15,000 rpm for 20 minutes in a Sorvall® RC 3B coole@Go®Bhe

pellets obtained were resuspended in 50 ml ice cold Inclusion Body Isolation Buffer,
sonicated on ice for 2 minutes (10s on, 30s off) and spun at 15,000 rpm for 20 minutes
in a Sorvall® RC 3B pre-cooled to°€. These second pellets were resuspended in 50
ml ice cold Inclusion Body Denaturation Buffer, stirred for 60 minutes at room
temperature, spun at 15,000 rpm for 20 minutes in a Sorvall® RC 3B, pre-cooled to 4
°C, and filtered using a 0.48V Stericug™ disposable vacuum filter device

(Millipore).

2.3.2.4.2 Refolding by nfinite Dilution

0.5 ml of denatured inclusion bodies was added dropwise, with stirring, to 2 litres of
cold Refolding Buffer. After completion, the refolded material was filtereqigusi
0.45uM StericupTM disposable vacuum filter device (Millipore) and loaded at a flow
of 5 ml miri* onto a Hi-Trap column pre-equilibrated with Refolding Buffer. The
column was eluted with 10 ml of Refolding Buffer containing 500 mM NacCl.

Loaded, flowthough and eluted fractions were collected and analysed by SDS PAGE.

2.3.2.4.3 Refolding by Dialysis

45 ml of denatured inclusion bodies were dialysed stepwise against 250 ml of
Refolding Buffer with 5, 4, 3.5, 2 and 1 M of GAmHCI. Each dialyses step was left to
equilibrate for 4 to 8 hours at 4 °C.

2.3.2.5 Protein characterisation

2.3.2.5.1 Polyacrilamide gel electrophoresis (PAGE)

For routine analysis of protein expression and purification, proteins nesodved
using Novex NUPAGE pre-cast gels (Novagene) (12% or 4-12% (v/v) BistiBiisg
MOPS or MES as running buffer. Crude lysates of pIV&ofd cloned intoE. coli

C41 and pTrc-99a-IGPS cloned into DH5a, were used as gel controls wheekver
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lysates were analysed by gel. Gels were stained with Coomassie dhiegssolution
for 10 minutes at room temperature before been transferred to destaining solution.

2.3.2.5.2 Protein quantification

2.3.2.5.2.1 Spectrophotometric technique

The concentration of PTE variants was measured spectrophotometnedbsuring
AU2s0nm The molar extinction coefficient at 280nrepg) was calculated from its

amino acid sequence (Pace, Vajdos et al. 1995)=al &, +bl &k +cl &y where

a, b and c are the number or Trp, Tyr and Cys residues in the protej.ane;,

and &, are the molar extinction coefficients of Trp, Tyr and Cys respectively.

2.3.2.5.2.2 Colorimetric assay
Given that the detergent used to keep PONSs in solution absorbs at 280rmi(j1%

Tergitol), PONs were quantified using a bicinchoninic-acid based (BOW)yimetric

assay (PIERCE) (Smith, Krohn et al. 1985). BSA was used to produzadas
curve; it was prepared by 2-fold serial dilutions of a 10mg/ ml stockigeed by the
manufacturer (Alkznm= 0.61+0.01 mg mi). Microplates were used to make endpoint
readings at 562nm, with a path of 0.5 cm. Three independent protein meassirement

were averaged.

2.3.2.5.3 Determination okcy;and Ky (Paraoxon)

The hydrolysis of Paraoxon was followed by the change in absorbance at 405nm using
a SpectraMAX 190 Microplate reader (Molecular Devices) at 23ri@al velocities

were measured at different final Paraoxon concentrations (typi@ailying from 2

nM to 5 mM) with a fixed amount of enzyme. The kinetics paramétgrand Ky

were obtained by plotting substrate concentration versus initial fEtesdata was
non-linearly fitted to Michaelis-Menten equation (v {J[E [S] keat/ [S] + Ku) using

Origin™ (Microcal Software Inc).
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2.3.2.5.4 Determination okcs:/ Ky (Nerve agent analogues)

The hydrolysis of the nerve gas analogues was followed by change in flinoeste
460 nm (ex. = 355 nm, cutoff = 455 nm) using a SpectraMAX GeminiXS Mideopla
reader (Molecular Devices) at 25 °C. Initial velocities weeasured at five different
final substrate concentrations (0.5, 1, 1.5, 2, 8V with amounts of enzyme that
ensured reliable signal. As [S] 4&u, thekea:/ Kv values were obtained by plotting
substrate concentration versus initial rates (v / @] (Keat/ Km). 50 mM HEPES
pH 8.0 was used as base buffer, and DMF was present at a finahttatice of 1%

(v/v) whenever mention.

2.4 Organophosphorus (OP) chemistry

2.4.1 Safety Measures

Manipulation of OP compounds was done in the chemical fume hood. Double Nitril
Latex gloves, laboratory coat and safety glasses were woatli &tnes. All the
consumables in direct contact with OPs were incubated for 1 — 24ithrdreshly
prepared liquid bleach, before disposal in closed containers as for biw@harz
materials. Spills were cleaned with 4M NaOH or liquid bleach, ramge with an
excess of 50% ethanol. Non-disposable consumables were treated WitluM
solution of PTE (85% pure) in 50 mM HEPES pH 8.5 for 24 — 48 hrs, beforaginsi
with an excess of 50% ethanol. It has been reported that organic solvent
(isopropanol) have little or no effect on the absorption rate of NA§) (Lundy
2004).

2.4.2 Materials
Coumaphos was obtained from SIGMA-Aldrich (Dorset, UK). 96-half a@slic

UV-transparent plates were from Corning Incorporated (Aberdeen, UK).
Dimethylformamide (DMF) and Ethanol was from BDH Laboratory Swespli
(Leicester, UK). The nerve agent 3-chloro-7-hydroxy-4-methylcoumérordgenic

analogues were synthesised and provided by Dr. Christopher M. Timpegteyp at
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the Defence Science and Technology Laboratory, @akrand Biological Defence
Sector, Porton Down, Salisbury, Wiltshire, SP4 0JR,

2.4.3 Methods

2.4.3.1 Quantification

Paraoxon stocks were prepared in 100% (v/v) DMF, and its concentratiomidet

by absorbance at 274 nm{: = 8.9 x 16 M cm™). For the quantification of the
fluorogenic nerve gas analogues, their absorbance at 315nm in 100% (v/v) BMF wa
averaged from two fold dilutions and compared against a standard curveedbtai
using commercially available Coumaphes:{= 8.9 x 18 M™* cm*) (Figure 8). This

latter was done by measuring 0D samples in 96-half area acrylic UV-transparent

plates (Corning) using a SpectraMAX 190 Microplate reader (Molef#aices) at

25 °C.
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Figure 8. Standard Curve for quantification of nerve gas analogues.

2.5 Bioinformatics
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2.5.1 Materials

2.5.1.1 Data Manipulation

Data manipulation was done using Microsoft ® Excel (Microsoft 1999). Meau fit

and data imaging were done using Origin™ (Microcal Software Inc).

2.5.1.2 DNA and Protein Sequence Manipulation

DNA and Protein sequences were analysed using MacV¥&csnftware (Oxford
Molecular) and Microsoft ® Word (Microsoft 1999). For multiple proteigqussce
alignment, BioEdit Sequence Aligment Editor (Hall 1999) was used and the
phylogenetic tree generated by PhiloWin (Galtier and Gouy). Protein gesres w
retrieved usingentrez (National Center for Biotechnology Information). The protein
entries in the Entrez search and retrieval system are conipieda variety of
sources, including SwissProt (Swiss Institute of Bioinformatics Hmel European
Bioinformatics Institute), Protein Information Resource (Nationabnigdical
Research Foundation, Georgetown University Medical Center), ProteirarBlese
Foundation Protein Research Foundation (JAPAN), RCSB Protein Data &adhk,
translations from annotated coding regions in GenBank (NCBI) and Rederenc
Sequence collection (NCBI). A copy of Codon Controller was a gift fRaual H.
Dear, MRC-LMB, Cambridge, UK (Dear 1999).

2.5.1.3 Manipulation and Imaging of Protein Structure

Protein structures were manipulated and visualised with Deep Vigwiss-Pdb
Viewer v3.7 (Guex, Peitsch et al. 2001) and RasWin v.2.6-ucb (Sayle 1995)nProtei
images and rendering were generated with PyMOL v0.95. (Delano 2004).

2.5.1.4 Text Manipulation

The present dissertation was typed using Microsoft ® Word (Microsoft 1999).
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Chapter 3 Hydrolysis of Fluorogenic Nerve Agents

Analogues by Organophosphatases

3.1 Introduction

In this chapter, the testing of 12 fluorogenic nerve agent (NA) amedogvith a 3-

chloro-7-hydroxy-4-methylcoumarin leaving group, as suitable substralrtes and

PONs is described. Included in this series were the analogudse gbesticides
Paraoxon and Parathion, and the chemical warfare agents DFP,oRiniebun,

Sarin, Cyclosarin, Soman, VX, and Russian-VX . These chemical stesolgave a
similar structure but do not share the same physico-chemical pespastthe nerve
agents themselves (Figure 9).

The enzymes employed were PTE-wt, and its variant H5 (I106T/F132L)
(Griffiths and Tawfik 2003); a high-yield, soluble PON1, (G3C9 in (Aharoni, 2004)
and two variants of the latter, 2.4PC (L69V/S193P/V346A) and 3.2PC
(L69V/S138L/S193P/N287D). The departure of the coumarin group allowed
acquisition of kinetics data by measurement of fluorescence. Thdsresuthis
chapter comprised the first step towards the development of a syistemgh-

throughput screen for PTE variants capable of hydrolysing NAs efficiently.
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3-chloro-7-hydroxy-4-methylcoumaryl

Figure 9. Fluorogenic nerve agent analoguedhis set of compounds were synthesised and provided

by Dr. Christopher M. Timperle§?. The name of the parental nerve agent is givpaientheses.

3.2 Results

3.2.1 Protein production, purification, and quantification

3.2.1.1 Bacterial phosphotriesterases: PTE and PTE-H5

E. coli C41 cells were transformed with pIVEX-PTE and pIVEX-PTE-H5pials.

Cells were grown, induced, and harvested as described in section 2.1.2.6.1. Cell
pellets were sonicated (see section 2.1.2.7.1), and crude lysates ah&®FH E-H5
recovered (see section 2.3.2.1). PTE and PTE-H5 were purified using pmetanai

23 Defense Science and Technology Laboratory, CheraitéiBiological Defence Sector, Porton
Down, Salisbury, Wiltshire, SP4 0JQ, UK.
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ammonium sulphate fractionation, followed by a gel filtration and anion egeha
chromatography steps (section 2.3.2.2.1) (Figure 10.A). PTE and PTE-H5 were
guantify by absorbance at 280nm (section 2.3.2.5.2.1), while a purity above 95% was
verified by PAGE (Figure 10.B). Aliquots were dispensed, fast frozehqund

nitrogen, and stored at —80 °C for later use.

AmmSulf
A) {remain} B) C)
Crude Shle.
Protarlnine Crude 26 27 28 29 30 31 32 33 FIE PONI
I o m——T
1 2 3 4 5 6 7 8 9 10 1112 13 14 Wi -HS MWM G3Co
8 - (-wl't) 24PC S.ZTPC MW
A
E = -
=2 - 2 o |[ESS
— . - W | -56.7 kDa » |-56.7kDa
e - g gt
§ F % Lo |-37.5kKDa
: ! » |-375kDa
| A c‘
B -
| ]
-
2
.
1 s T = .
= ! S |
o i T |
o= 5~ = m—aan
S ! =
Vil it
0o i I-

Figure 10 . PTE and PONSs aliquots, obtained during purificagiwocess, and run on a 12% Bis-Tris
SDS-PAGE gel with MOPS Buffef(A) PTE-H5 purification process. Lane 1, crude cedble. Lane 2,
lysate soluble fraction (after Sonication). Land”8tamine sulphate fractionating. Lane 4, ammonium
sulphate soluble fraction (waste). Lane 5, resudgp@rammonium sulphate precipitate. Lane 6 to 14,
Superdex-75 fractions (with the elution profiletive bottom inset). After the Gel Filtration, thergdes
were put through two anionic exchange columnsaimdém (not shown)B) PTE and PTE-H5 after

purification,(C) PONs after purification.

3.2.1.2 Mammalian PONs: PON1-wt, 2.4PC and 3.2PC

PONs crude lysates were received in ammonium sulphate from BrT8afik 2.
The lysates were further processed, and PONs were purified byl-Ni€Reaffinity

in batch (section 2.3.2.2.4). Purity [@0% as ensured by PAGE (Figure 10.C). PONs
were quantified using BCA Protein Assay Kit (see section 2.3.2.5.2.2).
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3.2.2 Keat and Ky for Paraoxon

The NA analogues, have poor aqueous solubility. However, 1% (v/v)
dimethylformamide (DMF) in the reaction buffer solubilised enough substm
allow accurate measuremerfts To assess the effect of 1% (v/v) DMF on the
performance of the enzymes, their kinetics parameters with Parasxsnbstrate
were determined in the presence and absence of DMF (Figure 11jovws B Table

13, 1% (v/v) DMF in the reaction mixture tends to increaseKiaebut not to any

significant degree.

50mM Hepes pH=8.0; I.S. = 0.1M (+NaCl)

25009 [pTE] = 1.5nM
Ae =16897 +12.43
. — =
2000 4 P i
_ 1500
@
i
& 1000 -
Model: Michaelis-Menten
k., (s-1) 2453.5854  +32.60311
500 /i K,, (MM) 0.01824 +0.00078
"
0 I T I T I T I T I T I T I T I T I

0.00 002 004 006 008 010 012 014 0.16
[Paraoxon], (mM)

Figure 11. Dependence of PTE activity rate on Parxon concentration. The hydrolysis of
Paraoxon was followed by the change in absorband@5mm at 25 °C. The kinetic parametégg,and
Kw, were obtained by non-linear fitting to Michad\enten equation (v / [Eo] = [$Rea/ [S] + Kw)
(see section 2.3.2.5.3). The reaction was donedim® HEPES pH = 8.0; lonic Strength = 0.1 M
(adjusted with NaCl), with an enzyme concentratbfPTE] = 1.5 nM.

24 up to[1L0 uM of Coumaphos.
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Table 13. Effect of 1% (v/v) DMF on the kinetics peameters for the hydrolysis of Paraoxon.

Enzyme DMF Keat Kw Keaf Kn (Keaf Knm)/
(VIv) (sh (mM) (s*M™) (Kead Km)"*PMF
- 2453 +33 0.018 +£0.001 1.35 (+0.06) x10
PTE-wt 1.8

1% 2380 £ 60 0.031+0.002 7.60 (+0.57) x10

- 9135+ 272 0.81+0.04 1.12(x0.06) x10
PTE-H5 0.6
1% 9662 +156 0.53+0.02 1.82(+0.08) x10

- 512+006 0.711+0.027 7.20 (+0.28) x1®
PON1wt 1.2
1% 5.23+0.09 0.888 +0.042 5.89 (+0.29) x1d

- 19.58 £0.49 1.124 +0.076 1.73 (x0.12) x16
2.4PC 1.1
1% 18.72+0.63 1.142 £0.102 1.64 (x0.16) x16

- 10.20 £ 0.09 0.237 +0.008 4.30 (+0.15) x16
3.2PC 1.1
1% 10.59 £0.08 0.273 +0.008 3.88 (x0.12) x16

3.2.3 kcat/ Ky for nerve agents analogues

The hydrolysis of the nerve gas analogues was followed by the change isdkrae
at 460nm (excitation = 350nm, cut-off = 455nm) at 25 °C (section 2.3.2.5.4). Initial
velocities were measured at 0.5, 1, 1.5, 2,&bfinal substrate concentrations. The
amounts of enzyme were empirically determined to ensure a redigbi. The initial
rates obtained were linearly fitted to equation v / [EJB] (kea: / Km) (See section
2.3.2.5.4) (Table 14).

Both PTE-wt and PTE-H5 were able to hydrolyse thiafidethyl-Parathion
and 2/Parathion with the latter being the best substrate for PTE. riergle PTE
hydrolyses natural P=0O better than unnatural P=S compounds (Horne, é8athedrl
al. 2002). However, PTE-wt was found to hydrolyse anal@jRarathionfour times
more efficiently thar/Paraoxon analogue.

Compounds which contained a dimethylamino substituent were hydrolysed
poorly: analogues/Dimefox and7/Tabun were much less reactive than the rest of the

tested analogues.
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Table 14. Efficiency of hydrolysis of substratesk{,/Ky in s*M™)

Analogue Structure of PON1-

Compound of Analogue PTE-wt PTE-H5 Wt 2.4PC 3.2PC
EO_ 0
Paraoxon - EtO/P\O@NOZ 7.6(x0.6) 1.8(x0.1) 5.9(x0.29) 1.6 (x0.2) 3.9(x0.1)
x10’ x10’ x10° x10* x10*
MeO\ //5
1 Methyl- P! 6.5(+0.5) 6.4(+0.4) + + +
parathion MeO  R1 x10° x10°
EtO\ //s
. P! 1.1(+0.1) 2.4(+0.6)
2 Parathion Eo  R1 W07 x10° T T T
MeO\ _0
3 Methyl- P 3.6(x0.3) 3.2(x0.2) 4.9(x0.3) 7.8(x0.4) 1.8(x0.1)
paraoxon MeO  R1 x10° x10? x10? x10? x1
EtO\ .0
P 2.7(x0.3) 3.0(0.2) 5.3(x0.2) 1.8(+0.1) 6.24(+0.1)
4 Paraoxon EtO R1 x10° x10° x10? x10° x10*
i-Pro. O
~ 2.2(x0.2) 6.8(x0.4)
P 1.32(x0.1) 2.1(#0.1
5 DFP i-Pro” R1 x10° x10¢ t xl(o2 ) x(lo1 :
MeZN\ //o
. P 0.094
6 Dimefox Me,N R1 (10012) t T T T
EtO\ //o
P
7 Tabun Me,N Rl 1'?((1102'1) 16(+2) 4.28(x0.1) 21(x0.2) 53(x0.5)
EO_ 0O
8 VX P 3.5(+0.1) 7.8(x0.3) 6.9(x0.1) 3.7(x0.1) 3.6(+0.1)
Me Rl x10° x10° x10* x10° x10*
i-pro, 0O
9 Sarin P! 2.6(x0.1) 9.6(+1.6) 7.7(x0.2) 1.7(x0.1) 5.6(+0.1)
Me Rl x10° x10° x10° x10° x10°
O\ .0
10 Russian- { P 3.4(x0.2) 15(x0.1) 5.6(x0.1) 2.2(x0.1) 3.5(x0.1)
VX Me R1 x10° x10* x10* x10° x10*
11 s ©p0  78(:05) 16(:01) 63(x0.3) 53(0.1) 16(x0.5)
oman Me” “R1 x10° x10P = - -

o o
12 Cyclosarin Q 5 5.7(x0.1) 2.0(x0.1) 9.0(x0.1) 1.83(0.1) 4.5(¢Og.1)

Me” “R1 x10° x10* x10° x10°? x1

VRN

T, no activity detected. R1,3-chloro-7-hydroxy-4-mdtoumaryl .
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The replacement of &-alkoxy group with aP-methyl group resulted in
substrates with lower reactivity towards the PTEs; diethyl phosphatging
analogue4/Paraoxon, was hydrolysed approximately 8 times faster by PTE-wt than
the ethyl methylphosphono bearing analo@/iéX. Efficiencies of hydrolysis for
analoguesd/VX, 9/Sarin, 10/Russian-VX, andl2/Cyclosarin were comparable. In
contrast, the PTEs were much less efficient at hydrolydiiloman analogue,
presumably because the binding pocket cannot easily accommodate the bulky
pinacolyl side-chain.

Regarding PONs, analoguB88Viethyl-Paraoxon and/Paraoxon revealed the
specialisation in which 2.4PC and 3.2PC were selected for, astdrehizd a 100-fold
higher kear /Kn (6.24 x 18 s* M™Y) than the PON1-wt. No activity was detected
towards thel/Methyl-Parathion an@/Parathion analogues, highlighting these PONs
can resolved between the oxon derivates from the thiono counterparts.

Like PTEs, PONs exhibited a low activity with compounds bearing
dimethylamino groups6(and 7). No activity was detected with PON-wt f6fDFP
analogue; however, hydrolysis was detected with 2.4PC and 3.2PC en#ames.
methyl groups were well accepted as substrates for PONSs, dan eyl
methylphosphono bearin§/VX, was hydrolysed around 100 times faster by PON1-
wt than diethyl phosphate bearing analogiiéaraoxon.

Overall, the replacement for a bulky side chains hinders PONgit\cti
Bearing the isobutyl group df/Russian-VX analogue, the activity is comparable to
ethyl bearing8/VX analogue. However, the activity drops 100-fold with the bulkier
cyclohexyl moiety ofl2/Cyclosarin analogue, and 1000-fold less with the pinacolyl
group ofl/Soman analogue.

3.3 Discussion

The fluorogenic analogues proved to be suitable substrates for bothofypes
organophosphatases used, bacterial phosphotriesterases (PTEs) andiamasenuam
paraoxonases (PONSs). Their catalytic specificities/iv) ranged across I s,

illustrating the functional and structural diversity of the NA agaks and the
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promiscuity of these enzymes for such compounds. All the analoguesydeotysed

by PTE-wt, the most reactive being tB&arathion analogue and the poorest the
dimethylamino bearing analoguegDimefox and7/Tabun. Compared with PTE-wt,
the Paraoxon evolved variant PTE-H5, showed an overall diminished atiwayds
the NA analogues. PON1-wt hydrolysed non-bulky analogues with a gooereffic
and clearly distinguished the more toxic oxo phosphonates from the thoy@es
The PONL1 evolved variants, 2.4PC and 3.2PC, acquired activity towadsaoxon
and5/DFP analogues, without compromising any of their “PON-wt” activity.

10" AChE

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

Figure 12. Activity profile of AChE, PTE-wt and PON1-wt with the NA analogues.AChE values

were taken from Brisefio-Roa (Brisefio-Roa, Hillle804). Pxn, Paraoxon; N.D., not determined.
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Collaborators have shown that AChE inhibition assays point to an overall
congruency between the functionality of each NA and its analoguer€Fi). The
analogues are between 0.7 and 34-times less potent than the correspa@ndiigléN
retaining the same relative inhibition potency order (Russian \&yctosarin > VX >
Sarin > Soman > DFP). The conspicuous exceptiofiTiabun analogue, for which
the lack of detectable inhibition reflects the great leavintjtiaof the cyanide group
of Tabun. Then vitro AChE inhibition data is supported by the similarsgk®Dalues
obtained with Cyclosarin (0.06 mg/kg) ah@dCyclosarin analogue (0.4 mg/kg) upon
subcutaneous administration in guinea pigs (Brisefio-Roa, Hill et al. 2004).

The in vitro inhibition andin vivo toxicity data for AChE, strongly suggests
that the NA fluorogenic analogues do mimic the neurotoxicity of tink
counterparts. In addition, the high sensitivity of the analogues in hydr@gsays,
combined with their low volatility compared to the NAs (data not shpallgws their
safe manipulation using standard laboratory precautions for very toxic compounds.

It should be mention that all the compounds were assayed as racemtoies.

This is relevant, as mention in section 1.3.4, some enantioners of NAs are known to be

more toxic than others.
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Chapter 4 Screening Platform for Organophosphatases

Using Fluorogenic Substrates

4.1 Introduction

As it would be unfeasible to use nerve agents in any kind of high throughput
procedure, due to their toxicity and other physicochemical propertids asic
volatility, analogues of such compounds, especially those with chromogenic
fluorogenic leaving groups, have been extensively used in the past for this purpose.

The screening of large gene libraries is greatly fatgiteby having a simple
chromogenic assay. In the chromogenic analogues of Sarin and Soman, fyevious
used to study and screen PTE variants, the leaving groups are depiditea p-
nitrophenol moiety (Li, Lum et al. 2001). Fluorogenic substrates, on the fudinel;
are much more sensitive, allowing screening within a much widerndgnaange.
Indeed, the fluorogenic Paraoxon analogue, 7-O-diethylphosphoryl-3-cyano-7-
hydroxycoumarin (DEPCyC, has proven very effective in screeincpli colonies
containing PON variants that express efficiently and with aneasad Paraoxon
hydrolysing activity (Aharoni, 2004; Harel, 2004).

This chapter describes a series of model selections on theedir@ablution
platform based on the screening Edcherichia colicolonies using the fluorogenic
nerve agents analogues described in Chapter 3 as probes. The methodology can be
divided in two consecutive steps: firstlg, coli C41 transformed with PTE variant
libraries are plated®, screened and selected on solid Medium (Colony Fluorescence
step, section 4.2.1); subsequently, the selected (positive) clones are ugmgn

microplates ?° filled with liquid medium, and their organophosphatase activity

2523 x 23cm Plates were used except where othemésgioned (sections 2.1.2.5.2.1 and
2.1.2.5.2.2).
26 384-well microplates. See sections 2.1.2.5.2.1 arid2.5.2.2.

71



Chapter 4. Screening Platform for Organophosphatases
Using Fluorogenic Substrates

measuredn vivo (Activity Quantification step, section 4.2.2). A detailed description

of the materials and methods can be found in sections 2.1.2.5.2.1 and 2.1.2.5.2.2.

4.2 Results

4.2.1 Colony fluorescence

BugBuster™ Extraction Reagent (Novagen) is a mixture of non-ioriergints
capable of perforating the cell wall without denaturing soluble pretén preliminary
experiments, it was observed that witercoli C41 / pIVEX-PTE colonies grown on
solid medium were put in contact with a Bugbuster™ solution containing &uws
27 (2/Parathion analogue), the colonies emitted a pale blue glow (imgjcgiie
hydrolysis of the substrate) when illuminated with a UV-lamp. Tam@nghat this
phenomenon was reproducible and that it was possible to resolve betwesiescol
bearing active PTE variants, the following experiment was carried out.

A pIVEX-PTEwt and pIVEXAPTE 22 mixture (1:10) was transformed info
coli C41. The transformed cells were then plated on an Agar Growth Mgalaie)
covered with a Nitrocellulose membrane, and incubated at 37 °C for 1@Hes.
membrane was carefully detached, inverted onto over an Agar Inductidiurivie
plate, and incubated at room temperature for further 21 hours. Anaaathion
was added to Top-Agarose Activity formulatibhand then poured over the induction
plate bearing the colonies to a final concentration gftld0 After letting the agarose
set for 1 minute at room temperature, the plate was illuminated dbove with a
365nm-UV lamp. Colonies with organophosphatase activity were distinctand

be easily resolved (Figure 13).

27 NAs analogues were always handled in the chemicaéfhood. For safety measures handling NAs
analogues refer to section 2.4.1.

28 APTE is an insoluble and inactive PTE variant in which 82 residues have been removed (T103-

A186) (Griffiths and Tawfik, 2003).

290.5 (w/v) Agarose, 50 mM HEPES pH 8.0, BugBusteN¥\agen).
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Figure 13 Colony Fluorescence assak. coli C41 colonies expressing either PWEvariant or APTE

covered with top agarose containing Bugbuster™ ZhdM analogue2/Parathion, illuminated from
above with a 365nm-UV lamp. The blue glow indicaties appearance of the 3-chloro-7-hydroxy-4-

methylcoumarin group, thus denoting organophosgkeadativity.

4.2.1.1 Cell viability

Once it had been established that active PTE-bearing cellsagdigénctive positive
signal, the next step was to ensure that viable cells could teered and their DNA
retrieved after Bugbuster™ treatment.

E. coli C41 cells were transformed with pIVEX-PTE, plated, and grown at 37
°C until the cfus reached 1 to 2 mm in diameter. Top-Agarose Acfmitnulation
was then added to the plate. A series of batches of five colonrespieked at one
minute intervals after exposure to BugBuster™. The colonies pickedtremsferred
and spread onto Agar Growth Petri plates, and incubated further 21 h@ns @t
The number of colonies obtained per plate were manually counted, qodatea (to

56.7 cnf) from the number in an area of 1 Trithe time of exposure plotted against
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the average number of cfus recovered (Figure 14), showed that althdughlikty
drops as time of exposure increases, cells can indeed be recoieereg (o 10

minutes after exposure) in a reproducible manner.

1000 4

100 E

l” “ﬂ

T T T T T T T
2 4 6 8

BugBusterTM Exposured time, (min)

# of E. coli C41 / pIVEX-opd cfus
=
=

o -
=
o=

Figure 14.E. coli C41/pIVEX-PTE survival after incubation with BugBuster™

Five of the positive colonies were further selected, their pladdiNé extracted
(section 2.1.2.3) and their sequence determined by DNA sequencing usingam@dFor
T7Rev primers (section 2.2.2.11). From the 25 clones sequenced, 14 (56%) proved to
be theopd (PTE enconding gene), 9 tll®pd gene (36%), and 2 gave an ambiguous
result (8%) (Table 15). At least twopd genes were isolated from each original

positive clone picked and the sequence integrity was retained, almost intact.

Table 15. Gene recovery from model selection

Gene products

+ve clones opd Aopd  Mutations per gene

#1 2 2 1/4
#2 5 0 0
#3 2 3 0
#4 2 3 0
#5 3 1 2/4
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4.2.1.2 Dynamic range

In order to determine the dynamic range of the fluorescent colony detectthod,
substrates with different reactivity towards PTE-wt were usedhe following
fashion.

pIVEX-PTEwt was transformed intB. coli C41. The cells were plated on a
Agar Growth Medium plate, covered with a Nitrocellulose membranejnauthated
at 37 °C for 14 hrs. The membrane was carefully detached and inverteahofg@ar
Induction Medium plate. After incubation at room temperature for 20 hes, t
membrane was detached and cut into pieces of approximately 4 x 5 cipietee
were laid (colonies up) on separated Growth Medium Agar Petrisplaitee same
procedure was followed with pIVEARPTE, as a negative control.

Top-Agarose Activity formulation containing 5@M substrate (either
analogue?/ Parathion,10/Russian-XV, or7/Tabun) was poured over the different
plates. After letting the Agarose set of one minute, the plates NMeminated from
above with a 365nm-UV lamp and pictures were taken at different ititeevals
(Figure 15).

The accumulation of diffused product seemed to be proportional to the
substrate reactivity towards PTE-wt. Although this was most evitkethe case of
substrate/Parathion andlO/Russian-VX, positive signal was also detected in the
case of7//Tabun. The negative control (pIVEXPTE) showed no presence of product
even after 1 hour after the addition of the Top-Agarose formulationadded (not

shown).
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E. coli C41 / pIVEX-PTE
t= 0.5 min t =5 min t=10 min

2 / Parathion
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LO,H—O 0.0
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Figure 15 Monochromic images were taken 0.5, 5 and 10 minafiésr E. coli C41 colonies
expressing PTE-wt had been covered with Top-Agafagevity formulation (see text), containingf

Parathion 10/Russian-VX,7/Tabun. The name and structure of the substrat insevery case, along
with the k. / Ky for PTE-wt, are given in the left hand column. I€a&xpressindAPTE (negative

control) are shown in the bottom row. 365nm-UVrimation with a 418nm cut-off were used.



Chapter 4. Screening Platform for Organophosphatases
Using Fluorogenic Substrates

4.2.1.3 Induction time and pre-transformation

It is important to mention two other features of the screeningrmeypresented here.

To maintain the DNA (sequence) integrity, the induction time shoulkiepe below

24 hours. It was noticed that when the induction exceeded this periodepfthien
DNA recovered tended to accumulate point mutations, as high as 12 per @00 ba
pairs (data not shown). Secondly, several screening attempts \adee using pre-
transformecE. coli C41 cells stored at —80 °C; the signal both in the first and second
rounds steps in these cases was at least 50-times lower thHan biacteria were

freshly transformed (data not shown).

4.2.2 Quantification of Activity

Although it is, to some extent, possible to quantify the activity accordinthe
amount of fluorescence emitted by the colonies, this relies in amieampgomparison
between colonies with different activity rates. To quantify the cloaetsvity in a
more accurate way, positive colonies were subsequently grown, induced and thei
activities determined in microplates.

Five colonies from the plate covered witiParathion were picked and spread
on Growth Medium Agar Petri plates. The plates were incubated & 8t 16 hrs.

40 colonies were transfer to a microplate pre-filled with Growtedium and
subsequently incubated at 37 °C for 16 hrs. The Growth Medium plate (Stiek Pl
was replicated into 8 microplates pre-filled with Induction Medidss@y Plate). The
Assay Plate was incubated at 37 °C for 16 hrs, while the Stockvdatstored at 4
°C.

Before acquiring the activity data, the cell density of the Asdate Rvells
were determined by measuring the #4dn The (n vivo) activity was determined in
50mM HEPES pH 8.5, BugBuster, and 1% (v/v) DMF, supplemented with either
2/Parathion, 4/Paraoxon, 10/Russian-XV, 5/DFP, 12/Cyclosarin, 11/Soman or
7/Tabun analogues, to a final concentration ofyM. The change in fluorescence
(excitation = 355nm; emission = 460nm; cut-off = 455nm) was followed for 10
minutes immediately after the substrate addition.

The activity values are compiled in Table 16 . The initial averagéatities
obtained for eight repetitions were normalised using the cell denditgsyahese

77



Chapter 4. Screening Platform for Organophosphatases
Using Fluorogenic Substrates

numbers were subsequently normalised against those obtained with the analogue
2/Parathion. The resulting figures were plotted againskthé Ky (M™ s) obtained

with pure PTE-wt enzyme (see section 3.2.3).

Table 16.1n vivo and in vitro activity of PTE-wt

Invivo In vitro
Activity Activity per AU Activity Keat ! Km
(RFU s?) Yeoanm (RFUS'AUY)  relativeto2/P  (M™s?
2/Parathion  57.14 +8.15 0.22+0.01  256.82+2.37 1.0 1.1(x0.1) xio
4/Paraoxon  20.12+6.02 0.24%0.02  84.06+2.83 3.2 x1h 2.7(+0.3) x16
12/Cyclosarin ~ 6.57+1.12 0.25+0.03 26.67+1.06 10.4 xId 5.7(+0.1) x18
10/Russian-XV  5.15+2.16 0.21+0.01  24.34+2.09 9.5 x16 3.4(x0.2) x16
5/DFP 5.13+1.48 0.24+0.04  21.21+1.53 8.3 x16 2.2(+0.2) x16
11/Soman 2.39+0.98 0.22+0.30  10.85+1.37 4.2 x10 7.8(+0.5) x16
7/Tabun 1.45+0.55 0.23+0.02  6.25+0.97 2.4 x19 1.2(+0.1) x16
6/Dimefox N.D - --- --- 0.094 (+0.01)

N.D. = Not detected

A positive correlation was obtained between thevivo and thein vitro
activities (Figure 16). More over, this correlation was lineaowdd../Ky values ofl]
10°. Under the conditions tested, no activity was detected fdd/Bieefox analogue.
Using a sterile inoculation loops, five cultures of Growth Mediunrewe
inoculated with bacteria from the Stock Plates. These cultunesgrawvn at 37 °C for
16 hrs, the plasmid DNA was extracted (section 2.1.2.3), and its segietanained
by DNA sequencing using the primers T7For and T7Rev (section 2.2.2.11)vé&he fi

clones exhibited intacipd gene sequence.
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Figure 16. Correlation betweern vivo PTE-wt activities and selectivity constants obgalim vitro
with pure PTE-wt (section 3.2.3)n vivo activities were normalised against the activityPdfE-wt with
2/Parthion analogue.

4.3 Discussion

To be suitable for directed evolution experiments, a screeningrsgsteuld link the
phenotype and the genotype (section 1.1.3.1.1). The combination of Bugbuster™ and
fluorogenic substrates achieves this precisely by releasingytbplasm of the cells
onto the outer layers of the colony, thus exposing the cloned enzynhesstaostrates
(Phenotype), while leaving viable cells within the colony's coree (below)
unaffected, with their DNA intact. As the cells in a colonyafrem a unique clone,
there is a biunivocal correlation between the enzymes activity taadDNA
(subsequently) recovered.

It was clear from the bacterial survival trials, that theooms should be

transferred to fresh medium no later than 10 minutes after thaoaddftthe Top-
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Agarose formulation, to ensure the viability of the cells (Figl4e This allowed
enough time to detect the accumulation of fluorescent products (see below).

The dynamic range of detection in the Colony Fluorescence step was
determined by using substrates with different reactivities wsv@®TE-wt. It was
firstly shown that thek../Kvm values obtained with pure PTE-wt, correlated
qualitatively with the accumulation of product in plates beaEngoli C41 / pIVEX-
PTE-wt colonies (Figure 15). Additionally, within the window of celhility (< 10
min), it was possible to detest vivo activities corresponding tk.,/Ky as low as
[10* (M™ s?). Given that the fluorescent probes diffuse throughout the plate, the
signal does not reach saturation easily, allowing a clear resolof activities
corresponding td.a/Kyu as high as10’. The dynamic range d../Ky of 10 — 10
(M s1) obtained from the plate step, is maintained and its resolutioragedaluring
the Activity step (see below).

A relatively high number of false positives (36%) were deteatethe DNA
recovery tests (Table 15). The most probable explanation is that neiigigooaionies
hitch a ride when a positive colony was picR&dAn empirical estimation of colony
density was set at aroul0 to 15 x 16 colonies per platd. This number makes a
good compromise between maximising the number of colonies screened and
minimising the number of false positives; however it is possibleesolve false
positives in the Activity Quantification step, as vivo activities of several clones
(coming from the same selected colony) are measured and compared.

When the activity data is acquired using microplates, normalisintndcell
density permits quantification of the activity per cell number, augidiifferential
colony growths. Further, when the activity/cells values are noredakgyainst the
activity with 2/Parathion, effects of expression levels or sensitivity to Bugbtfstan
be easily detected. This double normalisation also permits the deoipacrossn
vivo measurements made under slightly different conditions.

The clear correlation obtained between the relativavo activities ank.a/Km
values obtained with pure enzymes has two important implicationy Hirendicates

that the screen provides a means of acquiring a good estimate ehzimatic

30 The number of false positives was brought to atmeso in later rounds of screening.
31 Approximately 25 cfus per cmAssuming 22 x 22 cm (484 énhence 1 — 1.5 x 2@fus per plate.
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activities thereby obviating the necessity of obtaining pure enzyreparations.
Secondly, it reflects the fact that actual selection forniravement okgs:/ Ky can

be performed.
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Chapter 5 Selection using Nerve Agent Analogues as

Probes

Our whole problem is to make the mistakes as fast as possible.
John Archibald Wheeler, 1956.

5.1 Introduction

5.1.1 Neutralisation of NAs

The Chemical Weapon Convention treaty, signed in 1992, requires the total
destruction of any CW stockpiles held by those countries that ratifi¢skection
1.2.3). By the late 1990’s, however, still thousands of tons of VX and Russian-VX
were still held by the United States and Russia, respectivelydditicn to V-type
agents, both parties also stockpiled thousands of tons of Sarin, Soman andAather
(Yang 1999). Generally, these stockpiles are destroyed by incineration, although
alternative technologies, including catalytic degradation, are needed taliseUtlAs

in situations were incineration is not feasible (Yang, Baker et al. 1992)

G-type agents (Sarin and Soman) can be neutralised by enzyme-basedscatalysi
or by hydrolysis with relatively dilute alkali solutions. No enzyme is kndwomwever,
that can efficiently degrade V-type agents. Moreover, neither VX n@gi&&u¥ X can
be detoxified using base-catalysed hydrolysis, as the phosphonothioates produced
from the P—-O cleavage are as toxic and persistent as VX an@aRdssithemselves
(Yang, Berg et al. 1997).

V-type agents are typically neutralised with copious quantities of aqueous
bleach, containing NaOCI or Ca(Oglalthough this approach has several downsides:
solutions must be freshly prepared and are highly corrosive; under basitorendi
almost 20moles of OChre needed to degrade 1 mole of VX; and, if the reaction is

uncompleted, toxic phosphonothioate by-products remain.
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In order to be safely neutralised by catalysis, V-type agents must be
exclusively cleaved at the P-S bond. Precisely, it has been reported Tihatt
catalyses such a reaction albeit with low efficiency (se¢iosed.3.4) (Rastoqi,
DeFrank et al. 1997). PTE variants with an increased activity towatgpe agents
would provide an invaluable tool with which to neutralise VX and Russian-VX.

5.1.2 Enzyme promiscuity

Enzyme promiscuity is defined as the ability of a single actiwetsitcatalyse more
than one chemical transformation (Kazlauskas 2005). Promiscuity is lcalggi
relevant because secondary activity may become useful to the orgditimrenzyme

is recruited to provide that activity in a new biochemical miliangéen 1976; O'Brien
and Herschlag 1999). For technology development, promiscuity has attraatidratte
for at least two reasons: it could play a role for drug design, asahaargets for
drugs that have not evolved to intrinsically bind them (Fernandez, Tavdlk2205),
and because promiscuous activities have been used as starting pointairtedobt
efficient catalysts for other non-natural reactions (James antikT2001; Matsumura
and Ellington 2001; Aharoni, Gaidukov et al. 2004).

Several types of promiscuity can be identified according to the wideli
between the primary and the promiscuous activities, although a uniquécztes
has not been universally adopted. The most common and relevant to the woekent
is cross-reactivity. Cross-reactivity refers to the catalg$ia comparable chemical
reaction using a substrate analogue (Copley 2003; James and Tawfik 2003). More
precisely, the potential of improving PTE activity towards the NA figenic
analogues rests on the notion that its cross-reactivity can be further improved.

5.1.3 Classification of NA Analogues

The NA analogues can be classified as phosphates and phosphonates Xsedfion
Phosphates have all their groups attached to the phosphorus via an oxygen,
phosphonates have a group, methyl in this case, directly bound to it. Comgdonds

7, and their original NA counterparts, are phosphates; compd@itwlé2, and their
original NA counterparts, are phosphonates. Depending on the atom double-bonded to

the phosphorus centre, the analogues can be classified either as thieesing a
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sulphur (S) (compound4 and 2), or oxons if an oxygen (O) atom is bound
(compounds to 12) (section 1.2.1).

This chapter describes the selection and characterisati®seeidomonas diminuta
Phosphotriesterase (PTE) variants with improved activities tovearde of the Nerve
Agent (NA) analogues.

Several gene libraries were synthesised, in each of which four coddhe of
residues forming PTE’s substrate binding site were selectivalyoraised (PrdR,
Pro-S, andEntrancein section 1.3.4). These libraries were screened as described in
Chapter 4 using analogues of Russian-VX and Parathion as probes; apptgxamate
million clones were screened in total. The twenty more activaatias determined
from in vivo detection, were expressed and purified. The kinetic parameters of the

selected variants towards Paraoxon and the NA analogues were determined.

5.2 Results

5.2.1 Library design

Owing to their role in substrate recognition, the residues compri2irtg binding
pockets, Gly-60, lle-106, Leu-303 and Ser-308 (RyoHis-254, His-257, Leu-271,
and Met-317 (Pr&); and Trp-131, Phe-132, Phe-306, and Tyr-3B8trfance were
chosen for randomisation (section 1.3.4). Given library size constraetsions
1.1.3.1.1.1 and 4.3), the binding pocket residues were randomised in three separate
libraries (namely Lib-Prg, Lib-ProS and LibEnf). A fourth library (LibER) was
designed combining some residues of the Remd Entrancepockets. The residues
randomised in each library are compiled in Table 17.

The degenerate NNS codon was utilised to randomise the targeigdess
where ‘N’ codes for any of the four bases and ‘S’ only for guaninecgiusine
(1970).This represents a good compromise between the aim of introductmggaty
residues, and the number of stop codons (to one). Nevertheless, residues are

represented in different proportions: Arg, Ser, and Leu each haveyeeriey of

32N stands for aNy, and S for Strong (refering thre¢thydrogen bonds formed by the pair cytosine —

guanine).
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0.097; Gly, Ala, Vval, Thr, and Pro are codified at a frequency of 0.062. 83te r
including Stop are represented at a frequency of 0.031. The residue distribution

profile can be seen in Figure 18.

Table 17. Distribution of PTE substrate recognitionresidues throughout the designed libraries.

Substrate binding Library
Residues ER Pro-R Pro-S Ent
G60 NNS
1106 NNS NNS
w131 NNS
F132 NNS NNS
H254 NNS
H257 NNS
L271 NNS
L303 NNS
F306 NNS
S308 NNS NNS
Y309 NNS NNS
M317 NNS
2 Sizeyna 1 x10 1 x10 1 x10 [ x16
® Sizeoror 1.6 x10 1.6 x10 1.6 x10 (1.6 x16
Effective Sizena B x1¢ B x1¢ B x1¢ B x1¢F

a. The library size refers to the degrees of freelaamely bases or residues) that are coded for.
b. The effective size refers to the number of clamesded in a library to ensure (95%) that all membe

are represented (see text).

Each library contains four NNS codons, corresponding to approximat@ly 10
DNA alleles that encoded for 1.6 x>lrotein variants. The effective size of a library
can be approximated by the following calculation: in a library containicigies, the
mean number of occurrences of one variang given by A =L / V, were V is the
expected total number of sequence variants. Assuming A << L, the number of
incidences of; approximate to a Poisson distribution, since occurrenceanfdvy are
independent of one another. Hence the probability ih@atcurs at least once is 1 —

P(0) = 1 — V. As the expected number of distinct variants is C = V (IYp the
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completeness of the library (F) is given by the ratio C/V (Ratkath et al. 2003). In

the particular case where V = (4 x 4 ¥ 2)1 x 10°), a library containingB x 10
members (a 3-fold degeneracy) ensures a 95% chance of including ahkeaspy of

each. This figure (3 x £palso represents the number of clones needed to be screened

to ensure that 95% of the library has been sampled at least once (section 5.2.3).

5.2.2 Library Construction

5.2.2.1 The template

To avoid selecting clones that enhance heterologous expression insteazlyofe
activity per se(Roodveldt and Tawfik 2005), the highly expressible PTE-S5a variant
was used as template for the binding pocket libraries. PTE-S5ansotiteee non-
synonymous (K185R/D208G/R319S) and two neutral (D109/T352) mutations that
confer a 20-fold increase in heterologous expressi@ ooli. PTE-S5a has virtually

the same catalytic properties against 2-naphthyl acetate aaolxBa, and has higher
stability than the wild type, in its metal-free apoenzyme (Roodveldt and Tawfik 2005).

5.2.2.2 Library construction

Libraries were constructed using cassette mutagenesis, in whipuation of
oligonucleotides bearing the diversified codons replaced targeted regiorse on t
template DNA (Hermes, Parekh et al. 1989; Kegler-Ebo, Docktor et al. 1994).
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Figure 17. Construction of substrate-binding libraiies. Starting from thes5a gene, four libraries
were constructed by consecutive rounds of PCR/Di@®kigation (section 2.2.1.1.1.4). At every step
two fragments were synthesised, typically, one ibgathe diversity, the other a triple-biotin tagher
fragments were ligated via a Bbsl site and purifieing streptavidin-coated beads. The residues
randomised in each step are indicated. The DNA amadysed by electrophoresis in (1% wi/v) agarose
gels stained with ethidium bromide (section 2.9;2tlHe primers used in every reaction are shown in
Table 1.

Several oligonucleotides were synthesised (section 2.2.1.1) bearing, besides
the diversified codons and their neighbouring regions, recognition sites for the
restriction endonuclease Bbsl (Figure 6 in section 2.2.2.10). These oligordeseoti
were used as primers, paired with nested primers bearing altigpie tag (at the 5°
end), to generate fragments that were subsequently treated with (&bsts
isochizomer Bpil), ligated together and purified using streptavidin-cobtzdls

(section 2.2.2.8). For the synthesis of a library to be completed, sevenalsr of
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PCR/Digestion/Ligation were needed (sections 2.2.2.10.1 and 2.2.2.10.2). The final
products were re-cloned into pIVEX using Ncol/Sacl restriction sites (2.2.2.10.3).
After every step during the construction, the DNA was visualised arigisadaby
electrophoresis in agarose gels stained with ethidium bromideofs&:.2.4). The

process of the libraries construction can be followed in Figure 17.

Table 18. Residues obtained from single clones raomhly sampled from libraries ER, Pro-R, Pro-
S, and Ent.

Library Randomised Residues
wit 1106*° F132° S3089° Y309*
ER F§CC Agcc Hcac Gggg
ER ytae RC9C R2YY geo
ER ggc Gggg GQQQ Vglg
ER Kaag AQCQ tha Gggg
wt G607 1106 L3039 S308%°
Pro-R 9 e P99 cloe
Pro-R Keag RA99 e G999
Pro-R coe = Heac =
Pro-R Roe Naae W' cee
wt H254 H257 L271 M317
Pro-S T G¥° M2 R99
Pro-S H" ped GY99 Go%°
Pro-S o A%e A9 M*t
wt W131 F132 F306 Y309
Ent. (e G99 ate L1
Ent. A9c9 Y Goot clae
Ent. G]gg Gggg Ragg Gggg

The libraries were cloned into freshly prepardel coli MC1061
electrocompetent cells (section 2.1.2.1). The cells were plated onto 233 cmn
Growth Medium Agar plates, while diluted aliquots were plated on Grdtedium
Petri plates. After incubation at 37 °C for 21 hrs, a cell lawn arglescolonies were
obtained on the 23 x 23cm and Petri plates respectively. The lawn rapedoff the
plate and thoroughly mixed. Plasmid DNA was then extracted from the horsedeni
cells, and from 4 single colonies of each library. The sequencesdstFamined
using T7For and T7Rev primers (sections 2.2.1.1.1.1 and 2.2.2.11).

All the clones obtained proved to be adequately cloned into pIVEX. The
identity of the residues obtained from the 56 randomly selected library members is
compiled in Table 18.
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No significant difference was foundq = 17.3, p < 0.001, n=20) between the
expected and the obtained frequencies of residue distribution in the raedomis
codons® (Figure 18). Nevertheless, a bias towards guanine was found at DBIA-le
in the ‘N’ randomised positionstf = 12.6, p < 0.01, n=3), but again not significant
difference was found at the ‘S’ positiak?(= 5.4, p < 0.2, n=3) (Figure 19).

0.25
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©
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0.00
GAVLIFYWSTCMNGO ODTETKT RH PSTP
Residues

Figure 18. Frequency distribution profile of residues encoded by the NNS codorThe relative
frequencies of residues obtained for 54 samplesshmevn as dark grey columns. The expected
frequencies were generated using Codon Controlled yDear 1999) and are shown as light grey

columns.

33 The two residues with wild-type codons were notiided. X ? values test were done using the

service provided at http://mwww.georgetown.edu/fachhlic/webtools/web _chi.html.
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Figure 19. Frequency distribution profile of basesn the ‘N’ and ‘'S’ positions.

Visual inspection of the chromatograms of the sequencing results geherat
from the library DNA revealed an excess of guanine in the reactithough
chromatograms by themselves could not be used to evaluate a library, #@lotigew
data obtained from the single colonies, the notion that the libraries ased

towards to presence of guanine was confirmed.
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Lib-ER

Lib-ProR

Lib-ProS

Lib-Ent

L106 F F132 F 8308/Y309 R
. ﬂ'ua— {'\ln
GaT[ JeeT Tee[  |eac sac[  Jroa
G60 F L106 F L303 R 5308 R

s b,

TGCI:IAGC GAT[__ |66T aTa[  Jcea Gaa[ |CCAG

H257 254 R L271, R M317, R
VA A Al
crs[_ _JecearTs[ |tc cas[  Jeec GTCL __]GAT
W131IF132 F Y309 F306 R

GETCGDECE

Sequencing reactions were done by the MRC Genesefidinxton, UK).

Figure 20. Chromatograms of sequencing reactions ing DNA libraries as template. Sections of
the sequencing reaction, in which the randomisetbie® appear, are shown in each panel. Whether

T7For (F) or T7Rev (R) primers were used, is dehdte the upper right corner in each panel.
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5.2.3 Screening using 10/Russian-VX and 2/Parathion analogues

5.2.3.1 Screening by colony fluorescence

LibrariesER, ProR, ProS andEnt were cloned intd. coli C41 cells and screened
usingl0/Russian-VX an@/Parathion analogues as described in sections 2.1.2.5.2 and
4.2.1. The former was used with the aim of selecting PTE variathsimproved
activities towards V-type NAs, the latter better variants towat@arathion itself.

From the screening procedure, it can be seen that colonies exhilfiieendi
phosphotriesterase activities (Figure 21): remarkably, whe@/Berathion analogue
was used as a probe, a substantial reduction in both the number any levi@lst of
clones was observed compared to f¥¥Russian-XV analoguek. coli C41 cells

transformed with pIVEX-PTE-S5a were included as positive control at all.times

Figure 21. Colony screening of library ProR using (A) 10/Russian and (B) 2/Parathion analogues
as probes.E. coli C41 / Lib ProR after 5 minutes of exposure with Top-Agarose Attiformulation
(section 4.2.1). Insets shovis. coli C41 colonies expressing PTE-S5a under the sanmeersog
conditions. Plates were illuminated from above v@@nm-UV light, using a 418nm cut-off filter, and
an aperture and integration time of f/1.2 and Odspectively.

Between 40 and 280 thousand colonies from each library were screened (Tabl
19). In spite of this seemingly large number, this represents only mre@@25% and
0.1% of the effectiveness of the libraries. From the approximately nuii®n
colonies screened in total, 155 were selectethfeivo determination of their activity.
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Table 19. Number of clones screened in plate.

Library # clones (x 10) # clones (x 1&) Effective size of library

2/Parathion  1(QJRussian-VX sampled
ER 160 — 280 120 - 160 <0.05-0.1%
ProR 80 - 160 40 - 60 <0.01-0.02 %
Pro-S --- 80 - 160 <0.025 - 0.05 %
Ent 40 - 60 80 - 160 <0.01-0.05%

5.2.3.2 Invivo quantification of activity

The in vivo activity of the 155 selected clones towafd¥Russian and/Parathion
analogues was measured in 384-well microplates as describdiomseét1.2.5.3 and
4.2.2. The activities were normalised, first according to cell def®Dgsoonn) and
then against the activity obtained for the positive control. The batiween the two
substrates was used to rule out changes in the activity level® daeiations in the
expression of the enzymes.

Of the 155 clones originally selected, significant activity fohidd¥Russian-
VX and 2/Parathion analogues was detected in 70. Most of these clonesesgre |
active than the control for bottYRussian-VX (65% of counts 1) and 2/Parathion
(95% of counts< 1) analogues; 25 mutants, however, showed an activity higher than
the control for thdO0/Russian-VX analogue (Figure 22).
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Figure 22. Histograms of the activities and selectivities agaithel0/Russian-VX analogue and the
2/Parathion analogue. The activity was normaliseth whe values obtained for the positive control
(wild-type). The relative selectivity is the ratmf the activity towardslO/Russian-VX relative to

2/Parathion (selectivity), normalised by the selagtiby the that of the wild-type.

Most of the mutants exhibited no selectivity change (60% of cotrity
although, in some cases, the selectivity shifted as much as 600-fplddg(22). These
high values are due to an acute drop of activity towaftelarathion. There is no clear
correlation between the activities of the selected mutants ag3idarathion or
10/Russian-VX activities.

The sequence of the 20 most active mutants was determined, and iBecbmpi
in Table 20. Of the 16 and 41 mutants selected from th&RraEnt library plates
respectively, none showed activity nor selectivity changes high enough, to be amongs
the top 20.
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Table 20. Mutants which exhibited the highestn vivo activity and relative selectivity. The mutants

are sorted according to the library from which tiaere isolated and their sequence similarities.

Clone Activity 2 Selectivity”  Probe Library- ER
# 2IPthion 10R-VX 1106 F132 S308 Y309
A 2.68 2.33 0.87 10/RXV T - - -
B 0.09 5.98 63.31 10/RXV L - - -
C 0.53 1.44 3 10/RXV V C - -
D 0.91 2.65 2.9 2/Pthn A G - -
E 151 2.24 1.49 2/Pthn V L - -
F 0.24 3.95 16.6 2/Pthn L G - -
G 0.02 4.59 189 10/RXV L G G -
H 0.21 7.44 35.94 10/RXV T \ A W
| 0.04 3.9 108.24 10/RXV L G \Y W
J 0.04 4.26 120 10/RXV L L S L
K 0.01 4.06 363.24 10/RXV L G \% V
L 0.06 3.23 52.64 10/RXV L G G W
M 0.14 6.14 43.6 10/RXV L G T V

Library-Pro R
G60 1106 L303 S308

N 0.33 3.21 9.58 2/Pthn A - - -

) 0.15 3.29 22.21 2/Pthn \% \% \% -

P 0.29 2.88 10 10/RXV A A - T

Q 0.005 3.02 633.11 10/RXV Vv L - G
R 0.046 3.71 80.41 2/Pthn \% T I w
S 0.1 541 52 10/RXV \% M E D

T 0.01 3.25 600 10/RXV \% S P G

a. Normalised to PTE-S5a (positive control). Selectivity towardslO/Russian-VX relative to

2/Parathion, was normalised to that obtained witghpbsitive control.

5.2.4 Determination of kinetic parameters

Genes from selected clones were extracted by PCR and re-clonethenvector
pHLT. pHLT contains a upstream 6xHis Tag followed by the hypersoluble lipoyl
domain, both of which can be removed from the polypeptide product using Tobacco
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Etch Virus (TEV) protease by cleavage at the TEV site encoded tteanrmsof the
lipoyl domain (section 2.2.1.3.3). The selected PTE variants were proéucemli

C41, grown in autoinduced media (section 2.1.2.6.2), and affinity purified using a
Nickel-NTA (Qiagen) column. Both the lipoyl domain and the 6xHis Tag \weleed
removed (section 2.3.2.3). The purity of the protein preparations was ensured to
above 90% by PAGE (section 2.3.2.5.1)(Figure 23). The extinction coefficients (at
280nm) were calculated by sequence, and the protein concentration wasechéys
absorbance at 280nm (section 2.3.2.5.2.1).

A B ¢ D E F G H I J K L Mm N O P QR ST

—98.5 kDa

—66.7 kDa

e -l v-guu - eu el ..

Figure 23. PTE selected variant#\(to T) obtained after purification process, and run ot Bis-
Tris SDS-PAGE gel with MES Buffer.

The kinetics parameters,; and Ky of the variant towards Paraoxon were
obtained as described in sections 2.3.2.5.3 and 3.2.R; i@, was measured for all
fluorogenic analogues, with the exception @Dimefox analogue, as described in
sections 2.3.2.5.4 and 3.2.3. The activity on this occasion was measured in the
presence of BSA as carrier (0.1 mg/ml), Zn(O uM), and freshly prepared KHGO

pH = 8.5 (10QuM), to ensure that most of the enzyme was present in its holo form.

5.2.4.1 Activity of PTE-Sha

PTE-S5a showed similar kinetic properties towards Paraoxon to RTathough
when it was tested with NA analogues some important differepgpesaeed. PTE-S5a

was more active towards most of the NA analogues with the exceptédRaraoxon,
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1V/Soman and 2/Cyclosarin. The main difference was found for #i@FP analogue,
as PTE-S5a hydrolyses it almost five times better than PTE-wt (Table 21).

Table 21. Kinetics properties of PTE-wt and PTE-S5a

PTE

wit Sbha Ratio
Paraoxon
Keat (S 5954 + 188 6441 +322 1.01
Ky (MM) 0.029 + 0.012 0.037 + 0.007 1.27
Keat /Kn (M 5)

Paraoxon 2.1x16 1.8 x16 0.85
1/Methyl-parathion 1.3 (+0.02) x16 2.5 (+0.06) x16 1.45
2/Parathion 2.2 (+0.09) x16 2.3 (+0.36) x10 1.07
3/Methyl-paraoxon 7.2 (+0.05) x16 1.8 (+0.01)x16 2.52
4/Paraoxon 5.3 (+0.41) x16 1.8 (+0.26)x16 0.31
5/DFP 4.5 (+0.16) x18 2.1 (x0.24)x18 4.65
7/Tabun 2.3 (£0.79) x16 4.6 (+0.43)x16 1.98
8/VX 6.9 (+0.38) x10 2.2 (+0.18)x16 3.25
9/Sarin 5.2 (+0.01) x16 1.3 (x0.13)x16 2.46
10/Russian-VX 6.7 (+0.17) x16 2.1 (+0.8)x16 3.40
12/Soman 1.6 (+0.06) x16 5.7 (+0.8)x18 0.29
12/Cyclosarin 1.1 (x0.15) x16 4.7 (+0.5)x16 0.31

5.2.4.2 Activity of the selected variants

In the following sections, the changes in activity and selectivitylwilpresented and
described relative to the values obtained for PTE-S5a in order ititatacthe data
analysis. The raw data obtained can be found compiled in the Supplementary
Information section. No correlation was found betweerkth#y obtained with pure

enzymes and thia vivo activities measured during the screening process (not shown).
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5.2.4.2.1 k¢at and Ky towards Paraoxon

All the mutants selected exhibited a higher &d lowerk:o/Kyv than PTE-S5a (Table
23), three variants, however, showed higher turnover rates:APamld D had only
marginal increases in thee,; PTEH proved to have a turnover rate (31,018 s
almost 5-fold higher than PTE-S5a, and even slightly higher than thio selected
mutant PTE-H5 (Griffiths and Tawfik 2003).

5.2.4.2.2 kol K towards NA analogues

The variants selected showed significant reductions — up tofdl® — in their
activities towards most of the NA analogues (Table 24). Nonethaigsyvements
towards one or more were found in 11 mutants.

PTEA, C, D andF doubled their activity towards th#Paraoxon analogue,
PTEE quadrupled it. PTHE almost recovered its wild-type activity levels towards
phosphonate substrates (analogBiés 12, see section 5.1.3). PTE variantt | and
L presented a slight increase in their activity towdrtiSoman analogue; PTEalso
doubled its activity towards th&2/Cyclosarin analogue. PT@ exhibited a 2-fold
improvement towards analogug¥Russian-VX; it also showed a small increase
towards the 12/Cyclosarin analogue and more than 10-fold towards analogue
11Y/Soman. Variants PTB andT doubled their original activity towardsl/Soman,
along with 5 and 6-fold increases respectively agdi#'€lyclosarin.

The increases for PTE variarfgs S andT, relative to PTE-wt, are compiled in
Table 22. The profile of activity changes of PQE-¢lative to PTE-wt are represented

as bars in Figure 24.
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Table 22. Net activity improvements of PTE-Q, S and variants.

PTE variant
Substrate wt Q S T Q S T
kealKn (M™ %) Ratio

Paraoxon 21x10 466x16 1.62x10 527x16 2x10° 8x10* 3x10°
1/Methyl-parathion 1.3x10 1.2x106 3.0x1d 22x1d  0.09 0.02 0.02
2/Parathion  22x10 24x1d 7.4x1¢ 46x1d 1x10° 3x10° 2x10°
3/Methyl-paraoxon 7.2 x16 6.3x1d 1.1x1d 1.2x1d  0.09 0.02 0.02
4/Paraoxon  53x1¢ 9.0x1d 8.1x1d 3.7x1d  0.02 0.02 0.01
5/DFP 45x160 1.0x1¢ 1.4x1d 7.4x16 2x10° 0.03 0.02

7/Tabun 23x16 5.4x16 3.1x10 T 0.02 0.01 t
8/IVX 6.9x10 45x10 14x16 1.3x16 0.65 0.20 0.19
9/Sarin 52x160 [ 1.1x16 43x16 49x16 212 0.83 0.94
10Russian-VX 6.7x16  5.1x10 21x16 19x16 7.61 3.13 2.84
17/Soman 16x1d 7.8x1d 13x1¢ 13x1d  4.88 0.81 0.81
12/Cyclosarin  1.1x1d 6.9 x 16 F283%X16""28%X16" 6.27 20.91 25.45

Log (PTE-Q Activity)

3

Figure 24. Net activity profile of PTE-Q relative © wild type.
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Table 23. Kinetic values, relative PTE-S5a, for théydrolysis of Paraoxon.

Selected PTE variants
H5 A B C D E F G H | J K L M N o} P Q R S T
ke 4.3 112 4x10° 0.15 1.38 032 0.53 2x10 482 0.19 002 04 035 036 012 025 049 0.01 8%W10°4x 10°
Kw 232 953 4721214 765 168 511 7.67 22.8%B.47 19.71116.67 19.01 113.82 4.38 15.41 11.06 4.23 18.87 4.26 14.48
kea/Kw 0.018 0.12 9x1F 0.07 018 019 0.1 2x70021 0.02 9x103x10° 0.02 3x1G 0.03 0.02 0.04 3x 1M x10°9x10*3 x 10*

Grey boxes highlight.,; values >1. (For raw data see Supplementary Infllomaection).
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Table 24.k../ Ky, relative PTE-S5a, for the hydrolysis of NAs analgues.

Selected PTE variants

Analogue of A B C D E F G H | J K L M N (@] P Q R S T
) 6.3 x 7.5 X 4.8 X
1/Methyl-parathion 0.04 10° 0.03 0.05 0.03 0.02 0.002104 0.003 0.002 0.002 0.002 10 0.65 006 0.12 0.05 0.04 0.01 0.009
) 1.4x 5.2 x 7.5x 2.0x
2/Parathion 0.07 0.16 0.24 0.31 0.02 0.000©.019 0.004 0.002 0.002 . 0.12 0.05 0.13 0.001 . 0.003 0.002
10* 10* 10 1
1.8 x 5.4 x
3/Methyl-paraoxon 0.03 10 0.08 0.04 0.02 0.18 104 0.01 0.08 0.0030.004 0.03 0.02 0.17 0.06 0.07 0.03 0.01 0.0@6006
8.4 X
4/Paraoxon 1.8 0.003 2.2 2.8 4.2 19 002 05 069 001 039 0.2 009 033 015 0.53 50.0104 0.05 0.02
3.1X 6.7 X 4.1 X 5.0 X
5/DFP 0.2 5 0.42 0.31 0.04 0.0040.001 0.04 0.002 5 0.001 0.002 . 0.01 0.008 0.03 . T 0.007 0.004
10 10 10 10
7/Tabun 0.02 T 0.12 0.06 0.03 011 ¥ 0.03 0.08 t T 0.03 T 0.28 0.03 0.06 0.01 o0.00®.007 ft
8/VX 0.06 0.001 0.07 0.07 0.04 0.62 0.0010.08 0.16 0.0050.04 005 005 011 01 o006 0.2 005 0.06 0.06
9/Sarin 0.07 0.003 0.08 0.06 0.04 089 0.0040.13 05 002 011 0.16 012 0.5 0.4 023 0.81 0.143 0.37

10/Russian-VvX 0.08 0.004 0.06 0.02 0.04 0.88 0.0080.16 082 004 016 03 021 07 042 0 24 007 1.0 0.92
11/Soman 0.15 t 0.17 0.05 0.03 059 *t 14 11 013 032 13 021 0.9 04 026 13.7 033 23 24
12/Cyclosarin  0.09 0.004 0.01 0.05 0.02 093 0.0070.32 21 011 042 08 028 04 04 04 14 006 48 6.0

T No detection. Grey boxes highligkgt, values >1. ND, not determined. (For raw data sggE&mentary Information section).

101



Chapter 5. Selection using NA analogue as probes

Table 25. Selectivity values towards NA analogueglative to Paraoxon

Selected PTE variants

Analogue of wt Sha A B C D E F G H I J K L M N (0] P Q R S T
1/Methyl-

h 0.006 0.01 0.68 15 23 13 1.6 0.19 0.09 0.16 058 045 0.12 02 41 30 29 04 48 35 6.7
parathion

2/Parathion 0.10 0.13 0.36 0.7 0.45 0.27 0.17 0.18 79.2 0.004 0.12 21 0.35 0.075 0.15 228 40 28 17.9 ‘- 13.1 29.0
3/Methyl-

paraoxon

0.003 0.014 0.22 2.0 1.1 0.21 0.12 1.7 215 005 35 30 1.0 15 49 61 35 17 129 2942 68 211

4/Paraoxon 0.025 0.01 15.1 29.9 31.12 156 21.9 18.6- 25 31.1 11.7_ 120 274 115 95 119 191 197 491 6956

5/DFP 0.002 0.012 2.0 0.34 6.0 1.7 0.18 0.03 441 0.17 0.11 0.075 0.33 0.097 013 05 05 08 02 +t 72 119
7/Tabun  1x10°2x10° 019 t+ 16 033014 10 t 013 36 t t 1.8 t 97 20 14 44‘ 7.2
8/VX 0.003 0.01 0.52/12.8 0.91 0.38 0.18 59 480 042 72 58 11.0 29 145 41 64 14
9/Sarin 0.002 0.008 0.60 35.8 1.16 0.31 0.18 8.5 061 21.2 216 313 87 374 176 221 5.1
10/Russian-VX 0.003 0.01 0.71 41.5 0.86 0.09 0.22 8.4‘ 0.78 36.8 40.2 478 154 67.1 243 259 76 ‘
11/Soman 8x10°3x10° 1.3 t 24 0.29 0.15 56 6.8 49.5 930 68.1 662 303 255 58
12/Cyclosarin  0.001 0.003 0.79 39.1 1.4 0.25 0.12 8.9 - 1.5 91.8 - 43.0 905 15.3 250 10.0

T No detection. The changes in grey tone from lighddrk, indicate 10-fold increases in the selestivalues. The horizontal dashed box indicatesesfor thed/Paraoxon

analogue.
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Table 26. Selectivity values towards NA analogueglative to 4/Paraoxon analogue

Selected PTE variants
Analogue of wt Sha A B C D E F G H I J K L M N (0] P Q R S T
Paraoxon 39.6 985 0.07 0.03 0.03 0.06 0.05 0.05 1x21®.41 0.03 0.09 0.01 0.08 0.04 0.09 0.11 0.08 0.09500.02 0.01
1/Methyl-parathion0.24 1.4 0.02 0.02 0.01 0.02 0.01 001 0.11 1¢2810° 0.18 3x1G 0.01 0.01 1.98 0.42 0.23 0.9452.43 0.27 0.42
2/Parathion 41 127 0.04 0.05 0.07 0.08 0.07 001 035 0.04 001 08504 001 0.01 036 032 0.25 002 0.24 0.07 0.10
3/Methyl-paraoxon0.14 1.1 0.01 0.07 0.03 001 0.01 0.09 0.03 0.02 011 02%100.12 0.18 053 037 0.14 0.t149 0.14 0.30

5/DFP 0.08 1.17 013 001 0.19 0.11 0.01 2x100.06 0.07 0.00 0.01 2xF00.01 0.00 004 005 0.07 0.01% 015 0.17
7/Tabun 4x10* 0.003 0.01 t 005 0.02 001 006 T 005 012 ¥ t+ 015 t 084 021 012 02! 65 015 ¢t
8/VX 0.13 126 003 043 0.03 0.02 0.01 032 0.07 017 023 05000024 053 04 068 01 39 554 13 270

9/Sarin 0.098 0.75 0.04 1.19 0.04 002 001 046 0.18 025 0. 1.8 027 072 13 15 23 043 158 166.3 7.1 17.5
10/Russian-vX 0.13 1.19 0.05 1.38 0.03 0.01 001 045 042 0:Z 11 34 042 12 24 21 27 064 473 776 21.7 440
11/Soman 0.003 0.003 0.09 t 008 0.02 001 031 ft 28 15 118 081 56 24 26 2.6 0.482/70.6/395.7 48.5[113.4
12/Cyclosarin  0.021 0.27 0.05 1.31 0.04 0.02 001 048 035 0 29 107 16 35 32 13 26 084 286 722 106.9 287.4

T No detection. The changes in grey tone from lighdark, indicate 10-fold increases in the selestivalues. The horizontal dashed box indicates phosate substrates

103



Chapter 5. Selection using NA analogue as probes

5.3 Discussion

5.3.1 Library construction bias

When the libraries were synthesised, a bias in the presence of guasirtdserved,
both in the sequence of randomly selected clones and in the reaction tclgraimas

resulting from the direct sequencing for the libraries. In principig, gas represent a
liability to the quality of a library. It was, however, decided to sailthese G-biased
libraries for the following reasons: no significant bias was dedeat residue level; it
seems that the PTE binding pocket needed to be enlarged in order toeaudihg r
accept NAs, and therefore an enrichment towards Gly, Ala, or Valbsevcodons are

predominantly composed of guanine — could be advantageous.

5.3.2 Screening

Between 80,000 and 500,000 bacterial colonies were screened per library uking bot
probes; this represented less than 1% of the libraries’ effesitee Approximately,

one million bacterial colonies were screened in total, 155 of which sedected for

their activity to be quantifiedh vivo.

When the2/Parathion analogue was used as a probe, a decrease in the number
of positive clones was observed and in the intensity of their signédgiveeto
10/Russian-VX. This could suggest that, overall, PTE activity toward2/Barathion
analogue was less robust to mutations than towdddussian-VX (Figure 21). It
cannot be ruled out, however, that th&Russian-VX analogue is in fact more
reactive thar®/Parathion under the screening conditions used. Clones probed by both
10/Russian-VX and@/Parathion were in the selected group.

Two values were obtainedth vivo, the activity relative to the PTE-S5a
(positive control) and the activity towards thé&/Russian-VX analogue relative to
2/Parathion. Most of the clones were less active than the controbdibr the
10/Russian-VX (65%) an@/Parathion (95%) analogues (Figure 22). Once again, the
activity towards2/Parathion seemed to be more impaired than towHMRussian-

VX. Following a similar trend, most of the mutants (60%) showed no chartpeir
preference forlO/Russian-VX. The number of clones isolated exhibiting higher
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activity than the control toward€YRussian-VX, were 13 and 7 for tBdR and ProR
libraries, respectively. No clones from either of the 8ror Ent libraries were
selected. The sequences of the 20 clones were determined, and eadhnidtyge
letter of the alphabet (Table 20).

No correlation was found between the relaifiverivo activity and selectivity
(not shown), however the clones with higher activities, also exhibitedigest
selectivity towardslO0/Russian-VX. Moreover, when the kinetic values were obtained
with pure enzymes (see below), it was found that these values didrmegpond to
those measurenh vivo. Most likely, differential expression, coupled with changes in

the clone’s substrate selectivity, accounted for this mismatch.

5.3.3 Kinetic properties of PTE-S5a
PTE-S5 is a of itself a product of directed evolution experimentsas created by
shuffling seven mutants that resulted from the random mutageneBiBEsivt, and
the libraries being screened by the coupling of the hydrolysis of 2haddetate
(2NA) with Fast Red dye (Roodveldt and Tawfik 2005). PTE-S5a contaies tfon-
synonymous (K185R/D208G/R319S) and two synonymous (D109/T352) mutations.
Lys-185 maps to tha-helix 4 and its solvent exposed; Asp-208 is located apfine
loop 5, with its side chain buried betwelgtn loops 4 and 5; and Arg-319 locates in
B/a loop 8. None of these mutations is directly involved in the binding of stibstr
Nevertheless PTE-S5a exhibited a different kinetic profile tdsvéine NA analogues
(Table 21).

Amongst the phosphonate analogues, PTE-S5a hydroBgéd, 9/Sarin,
10/Russian-VX analogues between 2.5 and 3.5 times more readily thamtPTE-
Conversely, towardédl/Soman and.2/Cyclosarin analogues, its activity is only 70%

of that of the wild type.

5.3.4 Kinetic parameters of the selected PTE variants

5.3.4.1 PTE variants with increased turnover rates towards Paraoxon

All the variants selected showed a highgr than that of the PTE-S5a, irrespective

either of the library from which the variant was selected ohefprobe used to select

105



Chapter 5. Selection using NA analogue as probes

it; three clones, however, exhibited higheg than PTE-S5a: PTEA (1106T), C
(11206L), andH (1106T/F132V/S308A/Y309W). The turnover rates for these variants
were 7184, 8884 and 31018, sespectively. PTE, C andH were isolated from
library ER PTEA andC was probed bg/Parathion, and PTH# by 10/Russian-VX.

Coincidently named, it was the variant RHEthat showed kinetic properties
similar to thein vitro evolved PTE-H5 (1106T/F132L). The two main differences
between these variants were the higher turnover rate ofHPTidE-Paraoxon and its
preferenceé” for phosphonates, in particulat/Soman analogue (Table 35 and Table
40 in the Supplementary Information section). This latter propertycteflehe fact
that PTEH was selected usingl@/Russian-VX probe.

Enzymes which have thek:../Ky maximised — in this case close to the
diffusion limit — can still increase their rates by weakly bindimg substrate (section
1.1.2.5). Precisely, the evolved PFHevariant showed a 5 and 25-fold increases in its

KeatandKy, respectively.

5.3.4.2 Affinity of the selected variants for the fluorogenic leaving group

One of the main concerns of using substrate analogues is that “you canagjgtou
select for”; in this particular case, variants with improvedivdigts towards
compounds bearing the 3-chloro-7-hydroxy-4-methylcoumarin moiety. This is
relevant because changes in the affinity for the fluorogenic leaving gsbop&d be
avoided, if the increases in activity towards the analogues arettartstated to the
original NAs.

In order to investigate to what extent the selected variants’ imghrasivity
came solely from a better fit to the fluorogenic leaving groups, thegehia activity
towards4/Paraoxon relative to Paraoxon, was used as a measure of preferghee
3-chloro-7-hydroxy-4-methylcoumarin leaving group over the p-nitrophenol (Table
25). All the selected variants did indeed have an increased prefef@ndhe
fluorogenic leaving group. For PTE-S5a, the p-nitrophenol is preferred to the
coumarin moiety by approximately 100:1; this ratio was reversed fordleeted
variants, ranging from 1:4 for PTH, to 1:700 for PTES.

34 Quantifying changes in the preferences of sutestreéin be done using equation 13 (section 1.1.2.4),
in which the selectivity of an enzyme towards oulessrate relative to another can be calculated by

taking the ratio of their respectikgy/Ky values.
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Five clones were selected from tEB® library, which showed an improved
keal Km towards thel/Paraoxon analogue (Table 24 and Table 41 in the Supplementary
Information section): PTH#A (1106T), C(I1106V/F132C), D (1106A/F132G), E
(1106V/F132IL), andF (I106L/F132G). No relationship was found between the probes
by which these mutants were selected nor between their actmtsdectivities. For
this set, it is indeed possible that the improvement came sotaly & change in
selectivity towards the coumarin moiety relative to the p-nitrophenablé 25).
Nonetheless, most of the variants showed a selectivity towards phosphonate
substrates, meaning that, at least in this particular context, thesants have
selectivity (and activity) changes for regions other than the leaving gwiufise
substrates. This is particularly clear in the case of PTEamar) (G60V/I106L/
S308G), R (G60V/I106T/L3031/S308W),S (G60V/I106M/L303E/S308E), and
(G60V/1106S/ L303P/S308G).

5.3.4.3 PTE variants with increased activities for phosphonate substrates

In the most toxic NAs, both G and V-type, one of the alkoxy groupshattaio the
phosphorus centre is substituted by a methyl group. Hence, improvemenE'sx PT
catalytical power against phosphonates might translate into aragecin its activity
towards NAs.

Relative to the4/Paraoxon analogue, PTE-S5a exhibited a preference for
sulphur as the atom double-bonded to the phosphorus c@Margthion), and a
slight preference towards bo®ethyl methyl phosphonate ar@isopropyl methyl
phosphonate group$8/{/X and 10/Russian-VX respectively). Several PTE variants
(A, C, D, E, F, G and P) preferred the4/Paraoxon analogue above every other
substrate. However, relative to PTE-S5a, some of them, mostrclbarcase of PTE
P, shifted a tad towards phosphonates. Another set of varBnks, (, J, K, L, M,
andO) showed a clear preference for phosphonates, only whed-¢ftieyl group was
substituted. PTE), R, S and T, showed a much higher preference towards all
phosphonates (Table 42 in the Supplementary Information section). Thisaslyhe
group of variants for which th@-ethyl methyl phosphonat8&/{/X) is preferred over
the 20O-diethyl phosphate found iWParaoxon. PTHE) had a preference for th@-
cyclohexane group df2/Cyclosarin above th®-ethyl of 4/Paraoxon, to the degree of

28:1 (compare this to 1:4: in the case of PTE-S5a).-RT&lso showed an increase
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towards the 29-dimethyl phosphate iri/Methyl-parathion and/Methyl paraoxon
(Table 38 and Table 39, in Supplementary Information section); it s#wahsts
binding site can accomoda@methyl phosphates more readily than bulkieethyl
phosphates, but is incapable of stretching this resolution further tdylmet
phosphonates.

There was some correlation between the increases obtained botiivity ac
and selectivity and the volume of the pro-S group. A bulky group in the paosiSon
may somehow compensate for the reduction in size produced by the gretifylon
the opposite arm of the substrate.

All the variants with ak./Ky higher than the wild-type towards the
10/Russian-VX, 11/Soman or 12/Cyclosarin analogues were selected using the
10/RussianVX analogue as probe. The relative preference for phosphonategehow
depended, not only on the probe used but also on the library screened. Clected sel
from the ER library that exhibited such a preference were probed usiigussian-
VX, whilst clones selected from library PRowith the same preferences were probed
using eitherlO/Russian-VX or2/Parathion. Hence, for the latter library, using a
“phosphonate-like’ substrate2/Parathion) probe is enough to obtain changes in
selectivity towards phosphonates, but not enough to generate increasiyl &or
this a phosphonate is required. For the ER library, selectivity forppbostase
activity can only be generated by phosphonate probes. These generessedcr
although only marginally increased, in activity.

Apart from differences in selectivity, the activity leveléeseed for in the two
libraries differs: phosphonate probes generate higher activitysleamethe PraR

library than those obtained from tB&

5.3.5 Activity towards Nerve Agents

Having pulled out mutants that are more selective for phosphonate ss#tieat for
phosphates, increases the chances that their activities cannbiaté@ to NAs.
Nevertheless, it is not possible to conclude that these variantsretdin such
preferences in a different structural context. Testing PTEQ58,andT against the
real NA is currently being carried out in the laboratory of Dr. Gbypiser M.
Timperley in the Chemical and Biological Defence Seatathe Defence Science and

Technology Laboratory (Porton Down, UK).
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5.3.6 Relationship between selectivity and activity

No relationship has been found between the selectivity and activity particular
substrate (data not shown), however, there seems to be certain d#gree
proportionality between them. Relative to Paraoxon, all the varidraeesl an
increased selectivity towards most of NA analogues, particulenlyards the
4/Paraoxon analogue and phosphonates (Table 25). For the variants, ETD, E
and F, these changes in selectivity were also accompanied by improviediesc
towards4/Paraoxon. In a similar way, PT®, S andT, had both a higher selectivity
and activity towards phosphonates. A similar trend was found with tmeslfor
which activity was quantified solelyn vivo. As there were cases, like PR in
which substantial increases in selectivity were not transiatedsignificant increases
in activity, it seems that an increase in the selectivityafgubstrate is necessary but

not sufficient to ensure increments in activity.

5.3.7 Improvements in activity relative to PTE-wt

Owing that PTE-S5a presented a different activity profile t&e-®T for the NA
analogues, the changes obtained by the selected mutants werentdiffdaiive to
PTE-wt than to PTE-S5a (Table 22). PQEexhibited a 7-fold improvement towards
the 10/Russian-VX andl12/Cyclosarin analogues, whilst showing a 2 and 5-fold
increase toward9/Sarin andll/Soman analogues, respectively. PSEnd PTET
improved on activity forlO/Russian-VX andlL2/Cyclosarin analogues by 3 and 25-
fold respectively.

In general, the major change in the kinetic properties of theteelgariants
was a conserved loss of function towards the phosphate substrates (conip8)ds
For thewild-typesubstrate, thi../Ky of PTEQ, S, andT variants towards Paraoxon
(and2/Parathion analogue) was reduced 1000-fold.

5.3.8 Changes in the activity towards wild-type substrate

Tawfik and colleagues have observed that it is possible to find evolytipatoways
in which promiscuous activities increased while the native onesimechairtually
unchanged (Aharoni, Gaidukov et al. 2005). The mutations in these pathways are
primarily in flexible regions of the protein scaffold rather thanthe catalytic or
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substrate binding residues (Fernandez, Tawfik et al. 2005). Along wighasether
examples (Gould and Tawfik 2005; Khersonsky and Tawfik 2005),irtheitro
evolution of PTE-S5a followed precisely this kind of pathway.

The semi-rational strategy followed in this work permitted tk@aatation of
the wealth of structural information known about PTE albeit at thgerese of
neglecting non-pocket residue changes that might have had the potendibért
substrate selectivity, or, in the context of Tawfik's proposal, toease promiscuity

while maintaining wild-type (paraoxonase) activity.
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Chapter 6 Replacement of Lys-169 in PTE Metal
Binding Site

This chapter describes experiments done to investigate the possibikyiacing the
metal binding carboxylated Lys-169 of PTE by any other residue while regaini

enzymatic activity.

6.1 Introduction

6.1.1 Metal binding via carboxylated lysines

When the crystallographic structure Bseudomonas diminutphosphotriesterase
(PTE) was first elucidated (section 1.3.1), it became cleartiigatransition metal
cations, bound within its structure, were bridged through a covalently iethbtiifine
(Lys*-169). This modification consists of a carboxylation resultingmfr the
spontaneous reaction between teofNLys-169 and carbon dioxide (Kuo, Chae et al.
1997).

. o)
HN . J<
NH 0
* \/\/\H Scheme 6
.
N
ol

It has been proposed that the carboxyl group of Lys*-169 serves as a dianionic
bridging ligand that holds the metal cations in the right position, withoutdmagt
role in the catalysis. It is little understood why PTE uses a meddifsine, instead of
using the carboxyl group of a glutamate or aspartate (Kuo, Chae et al. 1997).
Carboxylated lysine residues are known to function as metal centnesiga
other enzymes: dihydroorotase (Thoden, Phillips et al. 2001), urease (dabet &l.
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1995), and RUBISCO (Lorimer and Miziorko 1980). The dihydroorotase from
Escherichia coliand the urease frodlebsiella aerogenesbind two metal ions at
metal centres almost identical to that of PTE: nickel and mns in urease and
dihydroorotase, respectively. In the case of RUBISCO fRimdospirillum rubrum

the Lys-carbamate serves as a ligand to the mononuclear magnestuen(Estelle,
Hanks et al. 1985).

6.1.2 Protein Homologue to PTE fronEscherichia coli (ePHP)

The residues that bind the metal ions in PTE are known to be consemedind 30
different proteins. From this PTE-like family, only a handful havenbearacterized,
and, excluding PTE itself, only one structure has been determined®rdtein
Homologue to PTE fronEscherichiacoli (ePHP) (Buchbinder, Stephenson et al.
1998).

ePHP and PTE share only 28% of identity in their protein sequences, although
the structures are very similar. When superimposed (section 2.5.1.3),M8® R
between the € from most of theo/p barrel is as low as 1.16 A (Figure 25.A). In
particular, when the metal binding centres are compared, the mareddé is the
substitution of the carboxylated lysine (Lys*-169) in PTE for a glutamed&lue
(Glu-125) in ePHP (Figure 25.B). The shorter side-chain of the glutamate
compensated by the presence of an extra residue, an alanine (Ala-124)y84d69
and Ala-124/Glu-125 form part of the fourfirstrand of thea/f3 barrel in their
respective structures.

Although neither activity nor substrate have been described for the &RHP,
high structural similarity between its metal site and that & Buggests that ePHP
supports a metal-based hydrolase activity.

The replacement of Lys*-169, in PTE, for other residues (methioninenalani
glutamate) yielded mutants several orders of magnitude less taivéhe wild type.
The activity in these mutants was partially restored by incubatidh whort
carboxylic acids (Hong, Kuo et al. 1995). Mutation of Lys-169 to Glu, preceded by an
alanine, was reported to abolish the expression of PTE koli (Kuo, Chae et al.
1997).
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]3) HIS186 (230)

ASP243 (301)

HIS158 (201)

-

HIS12 (55
o= Tle126(Val 170)

GLU125
(LYS*169)

Figure 25. (A) Superposition of the structures of PTE-Zn(ll) (BlaadE. coli @HP-zZn(ll) (red).(B)
Superposition of the metal binding residues of Rilie and numbers in parenthesis) aReiP-Zn(ll)
(purple spheres and grey residues). The overlapdeas with Deep View / Swiss-Pdb Viewer v3.7
using the His-55, His-57, His-201, His-230 and A$4- residues as reference for the alignment
(RMSD = 0.30 A).
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6.2 Results

6.2.1 PTE-like family multiple alignment

A multiple alignment of the protein sequences of the PTE-likelyamémbers was
done as described in section 2.5.1.2. Relative to the residues found in thenposit
homologous to Lys*-169 in PTE, the members of the PTE-like family lman
classified in two groups (Figure 26). In the grdupwhich includesP. diminutaPTE
andA. tumefacien©rganophosphate Hydrolase, the only two proteins that are known
to posses phosphotriesterase activity, a lysine residue is condarttesl groupkE, on

the other hand, this lysine is replaced by a glutamate precedddnioyeaor glycine
residue. Other positions also exhibited residue conservation: Gly-166onssrved,
lle-168 was substituted only by similar residues (Val and Leu), ratiakei position of
Ala-170, only Ala or Gly were found. At the positions of Val-170 and lle-1€55

consensus was found.

P.diminutalPTE GII~EVA
S.coelicolorPPP GLI~EWVA
M.pulmonigCHP GII~KSA

M. pneumoniePHP GII~KAG
L.monocytogenesPTER  GIL~KSG

. B.hallorunasCHP GQV~KFG
K- subfamily — 1., monocytogenesPTE GRV~HEG
L.innocuaPTE GQV~KFG
D.radioduransETE GVI~ELL
S.zgulfataricusPHP GEFV~EILA

M. tuberculosisPH GIL~KCA
A.tumefaciensOH GII~KEVA

| C.balustinum GII~KVA

[ E.coliPHP GITAEIG
R.sphaeroidesHP GLIGEIG
A.tumefaciensPHP GLIGEIG
P.svringae GLIGELIG

M. lotiPHP GITGEVG
S.typhiridiumPP GMIGEIG
M.magnetotacticumtp GIIGELIG

E- subfamiliy — R.novergiousPTER GVIGELG
M.musculusPTER GVIGEIG
H.sapiensPTER GIIGELIG
H.=apiensHPRP GIIGEIG
D.melanogasterFTER GEFIGEWVA
D.melanogagterCs2581 GFIGEVA
A.gambie GFIGEVG

| B.haloduransPHP GVIGEIG

Figure 26. Multiple alignment of the PTE-like family in the region aesponding to the fourt-strand
of the a/f3 barrel in PTE. Two groupd{ andE, can be distinguished according to the residué tha

(putatively) bridges the two metal ions.

A phylogeny tree for the PTE-like family was generated fromudtiple alignment of

the full protein sequences using the urdase E. coli as an external group (Figure
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27) (see section 2.5.1.2). It revealed that, exceptingEforcoli ePHP andB.
halodurans PHP, the group¥ and E mapped into two distinct phylogenetically

related subfamilies.

B.haloduransPHP

UreaseE.

35 E.coliPHP

S.coelicolorPPP
100 M.pulmonisCHP
M.pneumoniePHP
L.monocytogenesPTER.
B.hallorunasCHP
L.monocytogenesPTE
991 L.innocuaPTE

61

D.radioduransPTE
S.sulfataricusPHP

M.tuberculosisPH

A tumefaciensOH’

P.diminutaPTE

C.balustinum

R.sphaeroidesHP

99 A.tumefaciensPHP
P.syringae

Df 64 M.1otiPHP

ﬁ‘j S.typhiridiumPP

M.magnetotacticumHP

- gor R-novergiousPTER

M.musculusPTER

H.sapiensPTER

100, °?! H.sapiensHPRP

g7| D-melanogasterPTER
D.melanogasterCG2581

—— A.gambie

100

Figure 27. Phylogenetic tree of the PTE-like familyThose proteins with a conserved lysine in the
homologue position of Lys*-169 of PTE (subfamHKy were coloured light grey. Those that instead
have glutamate preceded by alanine or glycine éniby E) are coloured black. diminutaPTE and

E. coli PHP are underlined. The Neighbour Join algorithas wsed to generate the tree; the number in

each node indicates the bootstrap values after tejfligates.
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6.2.2 Design of point mutants

The list of the modifications introduced by point mutagenesis in PTH, the
nomenclature used, are compiled in Table 27. The general idea behind these
constructs was to substitute Lys-169 by Glu preceded by either Atalyoras in
mutants PTE-A1 and PTE-G1, respectively. The mutation K169AE was als
introduced in combination with several other mutations. Some constritnthG2)
included the substitution of the residues Val-170 and Ala-171 by those mesidue
present in ePHP: lle and Gly, respectively (section 2.2.2.9).

It is possible that the internal bulge at the core of ePHP.edabg the
presence of Ala-124, is stabilised by the presence of Asn-56 and/e80C{sot
shown). At the homologous positions, PTE has Thr-103 and Ala-127; therefoee, thes

residues were mutated to Asn and Cys, respectively. The mutaBtS N &nd PTE-
AC were designed to serve as controls.

Table 27. Nomenclature for the designed mutants.

Code Mutation
Al K169AE
G1 K169GE
A2 K169AE/V1701/A171G
G2 K169GE/V170l/A171G
AIN K169AE/T103N
A2N K169AE/V1701/A171G/T103N
AlC K169AE/A127C
A2C K169AE/V1701/A171G/A127C
AINC K169AE/T103N/A127C
A2NC K169AE/V1701/A171G/T103N/A127C
TN T103N
AC Al27C

6.2.3 Construction of mutants by directed mutagenesis.

All the mutants described in Table 27 were constructed, as desdnibsection
2.2.2.9, using pIVEX-PTEwt as template (not shown). The mutation K169GE (named
G1) was also introduced in the previously constructed vectors plIVEX-SBBEXpI
PTE-H5, pMAL-PTE-wt, pMAL-PTE-S5a, and pMAL-PTE-H5a (section 2.2.1.3.4).
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The mutations were confirmed by sequencing with the appropriate pra@erof
2.2.2.11 and Table 6).

6.2.4 Determination of activityin vivo

The constructs were transformed info coli C41 cells, grown, and induced as
described in section 2.1.2.6H. coli ePHP cloned into pIVEX was used as negative
control. 100pul of the cultured cells was resuspended and lysed with Bugbuster™
(section 2.1.2.7.2). After mixing 5@ of the cell lysate and 15Ql of the activity
formulation (50 mM Hepes pH 8.5, 1 mM Zn(0.5 mM Paraoxon), the release of p-
nitrophenol was followed for 24 hours (see section 2.3.2.5.3). The results olata@ned
compiled in Table 28 and Table 29.

Table 28. Activity in vivo for constructs based in PTE-wt.

Construction Activity
(mM min™) Ratio (PTE-wt =1)

PTE 6.0 (+1.2) x 1D 1
PTE-TN 48.2 (+4.2) 8 x 19
PTE-AC 3.5(*2.7)x 1b 0.58
PTE-Al t

PTE-AIN
PTE-A1C
PTE-AINC
PTE-A2
PTE-A2N
PTE-A2C
PTE-AENC
PTE-G1
PTE-G2

G1

G2

ePHP

-+ + <+ <+ -+ -+ =+ —+ —+ —+ —+ —+
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Table 29. Activity in vivo for constructs bearing the K169GE mutation

Construct Activity
2 mM min*

pIVEX- PTE-WT 1.89 (x0.13) x 10

pIVEX- PTE-S5a 1.82(20.27) x 16

pIVEX- PTE-H5 2.11(x0.78) x 16
pIVEX- PTE-WT(G1) t
pIVEX- PTE-S5a(G1) 63.46 (+0.48)
pIVEX- PTE-H5(G1) 48.05 (x0.02)

PMAL- PTE-WT 7.54(x0.03) x 16

pMAL- PTE-S5a 3.48 (20.14) x f0

PMAL- PTE-H5 3.61 (x0.32) x 10
PMAL- PTE-WT(G1) t
PMAL-PTE-S5a(G1) 5.79 (£0.18)
PMAL-PTE-H5(G1) t

a. Paraoxongsonm= 18.8 mM cnif). G1 stands for the mutation K169GENo activity detected.

None of the constructs in which the Lys-169 was replaced by Glu and PWasw
used as template exhibited paraoxonase activity. Moreover, the mutalibon3, a
residue not directly involved in the binding of metal to Asn reduced tinvatadiy
125-fold. Activity was found in the variants S5a(G1) and H5a(G1), when plWw&x
used as expression vector. The fusion of Maltose Binding Protein witTke
variants inhibited the activity by approximately 10-fold. Aliquots of the cranig
soluble fractions were analysed by SDS PAGE (Figure 28). Irregpeoti the
template or vector used, constructs bearing the mutation K169GE werg highl

insoluble in the bacterial cell.

118



Chapter 6. Replacement of Lys-169

A) _ B) - -
- 6 . = Q 6 37 o E h q’ 6
[G] 1 Q Qs o& i QO 5 & v Q & @ ?
EﬁﬁﬁEEEEBBEEMpd e % E B B8 2 2| E E QB8R R Apd kpa
- 118 -118
e wram YW . v ¥
=y 985 _985
- — - — - o
- —— - - 4 "':.:; = T' - -BBT - -—----a ﬁﬁ:g: G
W-- -—— — == - o e
e ,—g.'-s '3__3__
- — - -
B2 B R E B § == -375 2 = = -375
-29.5 MEE TR 65
. & 202
FE-FS B 5255-251". 26092 4 _A____ e .
pIVEX | | pMAL | —— pIVEX { | pMAL

Figure 28. SDS PAGE of thg/A) crude and(B) soluble fractions of several mutants bearing the
mutation K169GE run in a 12% Bis-Tris SDS-PAGE wih MES Buffer.

6.2.5 Refolding

Inclusion bodies of PTE-WT(G1), PTE-S5a(G1) and PTE-H5(G1) were nectpas
described in section 2.3.2.4.1. The purification process can be followed in B&ure
The proteins obtained in the inclusion bodies were denature by resuspending the
inclusion bodies in a buffer containing 6 M GdmHCI (6 M GdmHCI, 50 mM BEP

pH = 8.0, 500 mM NaCl, 1 mM 2-mercaptoethanol, @ ZnCl,). The refolding of

the denatured preparations was attempted by dialysis (section 2.3.2.4iBjiratel
dilution (section 2.3.2.4.3).

The denatured inclusion bodies were dialysed stepwise against Refolding
Buffer (50 mM HEPES pH = 8.0, 5 mM DTT, 50M ZnCl,) with decreasing
concentrations (5, 4, 3.5, 2 and 1 M) of GdmHCI at 4 °C. Each step wa® left
equilibrate for 4 to 8 hours. The three constructs were found to aggvelgatethe
GdmHCI concentration reached 4 M (Figure 30).

The denatured inclusion bodies were added dropwise to a stirring Refolding
Buffer at 4 °C. The volume ratio between the denatured inclusion bodied adde
the buffer was approximately 1710The refolded material was filtered and
concentrated using an anion exchange column; the elution fraction was dralyse
SDS PAGE (Figure 22). None of the loaded, flow-through or eluted fractiansed
paraoxonase activity even after 24 hours of incubation with 0.5 mM Parao2bn at

°C (not shown).
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Figure 29. Preparation and purification of inclusicn bodies. The constructs were washed with 50
mM HEPES pH 8.0%1) and 50 mM HEPES pH=8.0, 500 mM NaCl, 1% (v/v)tdmi X-100 pH=8.0
(S2. The purified pellet®) was obtained by resuspension in 50 mM HEPES pid,=8BmM DTT, 50

UM ZnCl,. The soluble (S) and insoluble fractions DPD are shown as reference. The refolded

fraction, concentrated in a HiTrap anion exchargeron, is shown (Hi Trap Elution).

PTE-S5a(G1)

Figure 30.Protein aggregates obtained from the refoldingaiteof PTE-WT, PTE-S5a(G1) and PTE-
H5(G1) constructs by dialysis. The picture was makéhen the mutants were dialysed against 4M

GdmHCI.

6.2.6 Library design
Five libraries were designe@E, BE, CE, DE andEE (Table 30). In librarie®\E and
BE, the residues Lys*-169, V-170, and A171 were randomised; in li&yyesidue

Ala-171 was only randomised to Ala or Gly. The three remaining lilrar@uded an
insertion of a codon preceding the position of Lys*-16CHandDE libraries, a Glu
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was fixed in position 169, and both Val-170 and Ala-171 were randomised in
accordance with the conservation seen in the alignment of severakeRi€t genes
(Figure 26).

Table 30. Libraries designed for the substitution bK169 in PTE.

Library

Residues AE BE CE DE EE
K169 NNS NNS GSA°/E NNS/E NNS / NNS
V170 NNS NNS VYY ¢ NNS NNS
Al71 GSA® NNS GSA°® GSA® NNS

3 Sizena 02 x 16 03 x 1d 032 02 x 16 06 x 16

® Sizesror 08 x 1G 08 x 16 024 08 x 1G 01x1d

Effective Sizena 07 x 16 01x16 0100 06 x 16 02 x 10

a. The library size refers to the degrees of freelaamely bases or residues) that are encoded for.

b. The effective size refers to the number of clamesded in a library to ensure (95%) that all membe
are represented (see section 5.2.1).

c. GSA codes for Gly or Ala, each with a frequencY 4.

d. VYY **codes for lle, Val, Ala, Thr, Pro or Leu, eachtwét frequency of 0.17.

6.2.7 Library construction

Libraries were constructed using cassette mutagenesis asbddsani sections
2.2.2.10 and 5.2.2.2. The oligonucleotides used for the library synthesis can be found
in section 2.2.1.1.1.4.2 and Table 10. Two sets of libraries were constructegl, usi
opd and opd-h5 as templates (Figure 32). The final products were re-cloned into
pIVEX using Ncol/Sacl restriction sites (section 2.2.2.10.3).

Plasmid DNA libraries were obtained by transforming freshly prep@areoli
MC1061 cells as described in section 5.2.2.2. Visual inspection of the chgraras
of the sequencing results generated from the library DNA revealédtatteted
residues were indeed randomised (Figure 31). No individual clones wardose

sequencing.

35V stands for not-U (V follows U), and Y for pYriahe.
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Figure 31. Chromatograms of sequencing reactions ing libraries AE to EE as templates.
Sections of the sequencing reaction, using T7Réungur in which the codons are randomised. The

sequencing reactions were done by the MRC Genesefidinxton, UK).
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Figure 32. Construction of metal-binding libraries. Starting from theopd and opd-h5genes, five
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libraries were constructed by consecutive round®©R, digestion and ligation (section 2.2.1.1.1.4).
Two fragments per library were synthesised, oneibgahe diversity, the other a triple-biotin tag
(GBO). The fragments were ligated via a Bbsl sitd purified using streptavidin-coated beads. The

DNA was analysed by electrophoresis in agarosegggised with ethidium bromide (section 2.2.2.4).

6.2.8 Library screening

The libraries were transformed inEb coli C41 cells and screened usigfparathion
analogue as described in sections 2.1.2.5.2 and 4.2.1. For most of the libraries
synthesised, approximately 10,000 clonies were screened (Table 3LjekiBEaand

H5-AE were not screened, and 40,000 colonies were screened for il @es H5-

EE

Table 31. Number of clones screened in plate usi2gParathion

Library # clones Effective size of library

sampled
AE NS T
BE m x 1d M0 %
CE m x 10 100%
DE m x 10 100%
EE W x 10 <0.5 %
H5-AE NS -
H5-BE [ x 1¢ M0 %
H5-CE [ x 1¢ 100%
H5-DE (1 x 10 100%
H5-EE ™ x 1d¢ <0.5 %

NS, not screened.
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No positive clones were found in librari€E, H5-CE DE or H5-DE. For
librariesBE, H5-BE, EE andH5-EE, several hundred colonies proved to be active (not
shown). Only a total of 50 colonies were chosen, sequencedhando activities
towards2/Parathion measured, as described in sections 2.1.2.5.3 and 4.2.2. Both the
sequence anah vivo activities, relative to wild type, are compiled in Table 32 and
Table 33.

Table 32. Mutants selected from librariesBE and H5-BE. Thein vivo activity is reported relative to
PTE-wt and PTE-H5 for libraridBE andH5-BE, respectively.

Clone Library R. activity Position
K169 V170 Al71

ME1 BE 0.045 E S G
ME2 BE 25 K L G
ME3 BE 0.5 K A S
ME4 BE 25 K C T
MES BE 0.5 K \% S
MEG6 BE 1 K L A
ME7 BE 3 K \% \%
MES8 BE 3 K C M
ME9 H5-BE 0.003 R Y H
ME10 H5-BE 0.2 K L S
ME11 H5-BE 0.06 K T I
ME12 H5-BE 0.15 K T |
ME13 H5-BE 0.2 K L \%
ME14 H5-BE 1 K L A
ME15 H5-BE 0.18 K \Y% M
ME16 H5-BE 1 K L G
ME17 H5-BE 1 K \ A
ME18 H5-BE 0.14 K C |
ME19 H5-BE 0.008 G \Y S
ME20 H5-BE 0.076 K C P
ME21 H5-BE 0.006 \Y S Y
ME22 H5-BE 0.001 S S G
ME23 H5-BE 0.12 K A T
ME24 H5-BE 0.4 K \% L

Mutants chosen to be expressed and purified angrshrogrey boxes.
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Most of the selected variants from the libr&fy had a conserved lysine at the
position 169, and Val, lle, Leu, Ala, Ser at positions 170 and 171 (Table 32). The
activity in vivo of these mutants was similar to that of PTE-wt. One mutail{jV
however, was recovered in which the mutations K169E, V170S and A171G were
found. The activityn vivoof PTE-ME1 was 40-fold less than PTE-wt.

In most of the variants sequenced frét-BE the Lys-169 was conserved,
with the exception of ME9, ME19, ME20 and ME21 in which Arg, Gly, Val and Ser
were obtained. These mutants were between 100 and 1000-fold lowerimaactive

than PTE-H5.

Table 33. Mutants selected from librariesEE and H5-EE. Thein vivo activity is reported relative to

PTE-wt and PTE-H5 for libraridSE andH5-EE, respectively.

Hbrary Library R. activity Position
K169 V170 Al71
ME25 EE 0.05 KV Q G
ME26 EE 0.025 KC G G
ME27 EE 0.25 KV A G
ME28 EE 0.38 KV G G
ME29 H5-EE 0.612 KV \Y; A
ME30 H5-EE 0.018 LC A A
ME31 H5-EE 0.02 LA S G

Mutants chosen to be expressed and purified angrshrogrey boxes.

All the variants sequenced from libraBfE presented a conserved Lys as the
first residue in position 169, and most contained Val as second residue anpb&di
Ala and Gly were predominant at positions 170 and 171. The activiti@go of these
selected variants were between 2 to 40-fold lower than PTE-wt.

From the three clones selected and sequenced from the IHBaBE, one
(ME29) exhibited a Lys/Val combination at position 169, while maintaiMaband
Ala residues at positions 170 and 171, respectively (Table 33). The RiHAtya
ME30 and ME31 contained non-lysine residues at position 169, with Leu/Cys and
Leu/Ala, respectively. The activities vivo of these two variants were 50-fold lower
than PTE-wt.
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6.2.9 Metal binding mutants purification

Eight of the variants obtained were chosen to be purified and their paraexona
activity measuredh vitro (Table 32 and Table 33). PTE-H5 was used as template for
libraries due to its high expression yield in CBlcoli— compare, for instance, the
soluble fractions of PTE-wt and PTE-H5 in Figure 28B. The modifinatobtained

in variants ME1 and ME28 were introduced to PTE-H5 by iPCR, using asrgrihe
oligonucleotides P270804A, P270804B, P290704E and P290704F (sections 2.2.2.1.2
and 2.2.1.1.1.3) (data not shown).

Genes from selected clones were extracted by PCR and re-clooethent
vector pHLT (data not shown) (section 2.2.1.3.3). The selected PTE vasiards
producedE. coli C41, grown in autoinduced media (section 2.1.2.6.2), and affinity
purified using a Nickel-NTA (Qiagen) column. Only PTE-H5 and three hef t
mutants, PTE-ME9, ME28 and ME30, could be expressed under these conditions. The
purity of the protein preparations was shown to be greater than 90% b PAG
(section 2.3.2.5.1)(Figure 33). The extinction coefficients (at 280nm) wiendatad
by sequence, and the protein concentrations were measured by absorbance at 280nm
(section 2.3.2.5.2.1).

ME2Z28

Kl H6 MEO | ME30

118 -

93.5- -

56.7 - .

L

37T

29.2 -

20.2 - .

Figure 33. Metal selected variants obtained after purificaponcess, and run on a 12% Bis-Tris SDS-
PAGE gel with MES Bulffer.

6.2.10 Metal binding variantsk.;: and Ky towards Paraoxon

The kinetic parameteis,; andKy of the selected variants towards Paraoxon were
measured as described in sections 2.3.2.5.3 and 3.2.2; the data obtained is compiled in
Table 34.
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Table 34. Kinetic properties of selected PTE metalariants for the hydrolysis of Paraoxon.

Variant Sequence Activity
K169 V170 A171 Keat K Keal K
PTE-H5 K v A 22336 ¢1244)  0.3940.18) 5.7 x10
PTE-ME9 R \Y; H 0.55 ¢0.03) 0.14 £0.01) 3.9 x1G
PTE-ME28 KV G G 6776 (893) 0.94 £0.07) 7.2 x16
PTE-ME30 LC A A 1.12 ¢0.9) 0.48 £0.04) 2.3 x16

The PTE variants ME9 and ME30 exhibited a significant decrease irkiheir
against Paraoxon. In the particular case of PTE-ME9, the loss, relative to PTE-H5,
was 50,000-fold. Th&y values, however, remained relatively unchanged. The
variant PTE-ME28, on the other hand, showed only a 3-fold dropkgiitand a 2-
fold increase in it&y.

6.3 Discussion

6.3.1 PTE-like family

The multiple aligment of the PTE-like family proteins revealed itsanembers could
be classified in two groups according to which residue is used to bhdge/¢ ions
in the metal center. On the one hand, the gkwpilises the carbamide group of the
post-transcriptionally carboxylated lysine to hold both anions in place; the
Phosphotriesterase Bf diminuta(PTE) belongs to this group. On the other hand, the
group E utilises the carboxylate group of a glutamate as a bridge betwedwdhe
metal ions; the Protein Homologue to PhosphotriesteraBe afli (ePHP) belongs to
this group.

The phylogenetic tree of the PTE-like family proteins reveledtthigtfamiliy
is composed of at least two subfamilies. The subfamily that incldgesbacterium
tumefaciend®HP and all the eukaryotic Phosphotriesterase Related proteipary
defined by the bootstrap values obtained. All the members of this supfaetthg to
the groupE. The other subfamiliy is less well defined and includes all mesrifehe
groupK, and could include ePHP amd haloduransPHP. Given the low bootstrap
values of the nodes that connect the latter two proteins with thefrém subfamily,

it is not entirely clear whether or not they belong to this subfamily.
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The picture that emerged from analysing the distribution of griugsdE in
the different subfamilies is that exchanges between modified lyam-glutamate-
based strategies to bridge anions in a metal center raretya(lj accurred in nature.
It is important to mention that the sequence divergence is such niwatgst the

members of the subfamilies, no consensus was found at any other residue.

6.3.2 Replacement of Lys*169 by Glu

The directed replacement of Lys*-169 by a Glu preceded by a Ala or &lgeyl
insoluble aggregates when expressedt.ircoli C41 cells. Attempts to stabilise the
presence of the (Ala/Gly)/Lys pairs in PTE-wt, by replacing Thr-bdREn and Ala-
127 by Cys, were fruitless. In fact, the mutations T103N and A127C reducetddhe
type activityin vivo by 125- and 2-fold, respectively. Activity was detected, however,
when the mutations K169GE were introduced in PTE-S5a and PTHrhbvo these
activities were approximately 10,000-fold lower than those found for tbsrective
templates. It was not possible to purify either of the PTE-S5a¢GPTE-H5(G1)
constructs as both readily formed aggregates upon refolding. According ity a
levels obtainedn vivo, the fusion of Maltose Binding Protein with PTE where did not

prevent the insolubility of the constructs.

6.3.3 Selection of libraries

Five libraries were designed in which the residues Lys*-169, Val-170 Alael71
were fully or partially randomised. Three of these librar&s, DE andEE, have an
extra residue encoded in position 169; libra&sandDE fixed in the second codon
at the position 169 a Glu. Ten libraries were synthesised as botwfait PTE-H5
were used as templates.

LibrariesCE andDE were screened to completion, but no positive colony was
detected when either PTE-wt or PTE-H5 was used as templagardrey libraries
BE andEE, 31 clones out of the hundreds of colonies that exhibited activity were
sequenced and their activity vivo determined. Most of these selected clones (80%)
proved to have a lysine in position 169, while mainly residues Val, lle,AlaySer

were recovered at positions 170 and 171. There was no consensus on the variant
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with a non-lysine residue, as Glu, Arg, Gly, Val, Ser and Cys were faunaiséion
169.

Eight mutants were selected to be expressed and purified, but only E9E-M
(K169R/V170V/A171H), PTE-ME28 (K169KV/V170G/A171G), and PTE-ME30
(K169LC/V170A) proved to be readily soluble under the conditions tested. When
PTE-ME9 and PTE-ME30 showed a significant reduction of approximately 50,000-
fold in their k.o towards Paraoxon; th&y values, however remained relatively
unchanged. The variant PTE-MEZ28, on the other hand, showed only a 3-fold drop in
its kea, @and a 2-fold increase in i5,.

The first conclusion that can be drawn from the results obtained by the
combinatorial substitution of Lys*-169 is that mutations at sites 170 andhhf1
rescue the activity of variants bearing a Glu-169 are unlikely to oddespite the
insertion of an extra residue at position 169, lysine is the only rediduentintains
wild-type activity levels. In the case of those mutants that predemntys with the
extra residue inserted, the strain cause by this insertion islikedgtrelieved by the
loop that follows theB3-strand in which Lys*-169 is placed. The fact that the non-
lysines showed significant reduction of activities bothvitro andin vivo simply

highlights the sensitivity of the selection system employed.
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Conclusions

The reactivity of organophosphatases PTE and PON1 towards the flucrogeve
agents confirmed that these compounds are suitable substrates fenbpttes, and
that despite all analogues sharing the same leaving group, thetrofiahcand
structural diversity is maintained. These results, along with itheitro AchE
inhibition assays and thm vivo toxicity of the 12/Cyclosarin analogue reported
elsewhere (Brisefio-Roa, Hill et al. 2004), strongly suggests thigatfluorogenic
analogues are indeed good mimics of their nerve agent (NA) counterparts.

The combination of fluorogenic substrates, used as probes, and thelysstial
of bacterial colonies resulted in a very sensitive screeningaaéhat also provided a
simple way of coupling the genotype with the phenotype. Measuring tivéyan
vivo of those clones selected in plates proved to be a good qualitatasrasst of
their activity and selectivity relative to the wild type eneymThe easy
implementation of the directed evolution platform developed and used here
compensates for the fact that only a small number of variants csordened relative
to the number of mutations that might be needed to obtain significant improvements in
activity towards NAs.

From the data obtained baith vivo andin vitro, it is clear that mutations that
contribute to the improvement in the activity for NA analogues areerfrequent in
the Pro-R pocket than in the Pro-S and Entrance pockets.

The improvements in the activities of variants A, C, D, E and FtHer
4/Paraoxon analogue derived mainly from their increase in preferiemcéhe
fluorogenic coumarin as leaving group. In contrast, the improvements abtaine
activity towards 9/Sarin, 10/Russian-VX, 11/Soman, and 12/Cyclosarin aealog
found in variants Q, S and T were due mainly to a better accepibpbesphonates,

relative to phosphate substrates. Thus, improved activities of thetgaRaAE-Q, S
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and T towards the phosphonate NA analogues are likely to be trarisléiedoriginal
NAs, as these improvements are not derived solely from a biefrthe fluorescent
leaving group.

One selected variant, PTE-H, exhibited significant increasesmdgKy and
keat for Paraoxon, while maintaining the./Ky ratio relatively unchanged. Using the
criteria on the evolution of maximum rate proposed by Fersht (F&gsi; Fersht
1999), both PTE-H and tha vitro evolved PTE-H5 (Griffiths and Tawfik 2003) are
more efficient catalysts than the wild type enzyme for hydrolysis of Paraoxon.

The net changes in activity of the selected PTE variantsjveelat PTE-wt,
are a result of the combination of those mutations already pres@&iE-S5a and
those obtained after the randomisation of the substrate binding pockete The
observations highlight the fact that strategies that combine ¢meration and
selection of mutations both in the active site and out of it, may be advantageous.

It can be concluded, from the values obtained lothivo andin vitro, that
changes in selectivity are necessary but not sufficient to ealsanges in activity, for
mutations occurring in the active site of an enzyme. This obsenmatggests that an
active site must relax its grip on thald-type substrate, if promiscuous activities are
to be evolved as high as the wild-type activity.

Regarding the case study presented, it was not possible to sabgtaut
carboxylated lysine of PTE by any other residue without significamterfering with
its enzymatic activity. Despite Protein Homologue to PhosphotrésstdromE. coli
(ePHP) possessing a remarkable structural congruence with Bigructs of the
latter bearing a glutamate residue preceded by a glycin@minalwere insolublen
vivo and could not be refoldad vitro. Combining these results with the fact that it
was not possible to pin-point a residue that directly stabilisedntieenal bulge
created by alanine 124 in the ePHP structure, it seems unlikelh&hBTE structure

will easily utilise a functional glutamate to bridge together the ions ofatalroenter.

Future Work

Crystallographic studies on PTE-Q are currently being done in ordéetb s
light on the structural and functional determinants of its improvenmeselectivity

and activity towards phosphonate substrates.
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All NA analogues used in this work were synthesised as racemiaresxit is
known, however, that some enantioners of NAs are significantly more tioeic
others. The preparation of enantiomerically pure analogues will pscneiening for
PTE variants with increased activities towards the more toxic enantiomefsof N

It was found that mutations that enhanced NA analogue hydrolysis are more
likely to occur in Pro-R than in any other region of the PTE actiee A less than
1% of the Pro-R library was screened, a more thorough screeningkeil Yield
variants with higher activities and selectivity towards NA analogues.

In directed evolution studies, the most dramatic improvements arevadhi
after several rounds of variation and selection. Thus, recombination BiT®B&), S
and T variants, may generate variants with further improvementgiuityafor the
hydrolysis of NA analogues.

The final objective of this work was the creation of PTE variantis higher
activities towards nerve agents. The determination of the kinetic miespef the
selected variants PTE-Q, S and T for NAs is being carried dbeitaboratory of Dr.
Christopher M. Timperley at the Defence Science and Témipmdaboratory (Porton
Down, UK).
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Table 35. Kinetics properties of selected PTE varigs for the hydrolysis of Paraoxon.

Selected PTE variants

w Ssa Hs A B C€C D E F G H I J K L M N O P Q R S T

ea 5954 6441262947184 27.2 962 8884 2074 3431 12 S01€ 1214 113 2568 2265 2300 797 1602 3167 52 254 280
+

(s") +188 +322 +927 £0.35 +1.7 36 #1174 +68 331 +0.1 +1009 +48 +4 =+97 +138 123 39 +72 #157 +0.1 +0.9 *15

Ky 0.029 0.037 0.96 0.35 1.73 0.078 0.28 0.062 0.19 0.28 0.84+ 0.31 0.72 4.28 0.70 4.12 0.16+ 0.57 0.41 0.15 0.69 0.16 0.53
(mM) +0.012+0.007+0.07 +0.09 +0.23+0.011+0.08 +0.007+0.04 +0.02 0.08 +0.04 +0.07 +0.28 +0.11 +0.36 0.02 +0.08 +0.06 +0.2 +0.05 +0.02 +0.09
KeadKy 2.1 1.75X2.74 x2.05 x 1.59 x 1.23 x 3.16 x 3.37 X 1.83 x 4.42 x 3.69 X 3.91 x 1.57 x 6.00 X 3.25 x 5.51 x 4.96 X 2.83 x 7.80 x 4.66 x 7.51 x 1.62 X 5.27 X
M'sh xadd 1¢¢ 100 100 100 100 100 100 100 168 100 106 10 10 106 100 1® 1¢¢ 100 10 1¢° 10 10

Grey boxes highlighit.,; values higher than those for S5a.
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Table 36.k../Ky values for the selected variants

Selected PTE variants
Analogue of wt Sba A B C D E F G H | J K L M N (@] P Q R S T

UMethyl- 1.3x 25x 10x 1.6x 7.7x 12x 81x 48x 49x 18x 69x 47x 30x 34x 12x 16x 16x 3.0x 12x 1.1x 3.0x 22x
parathion ¢ 1 100 10 100 10 100 100 100 100 100 100 1¢° 1¢® 100 10° 10 100 100 100 100 10

22x 23x 15x 31x 36x 54x 70x 46x 14x 44x 83x 12x 36x 52x 1.7x 26x 11x 3.0x 24x 46x 7.4x 46X
100 100 100 166 1 106 1¢ 100 100 10 100 100 2100 100 100 10° 1® 10° 100 10° 100 10

3/Methyl- 72x 1.8x 46x 33x 14x 6.8x 42x 33x 99x 19x 14x 48x 6.6x 51x 28x 31x 10x 14x 63x 23x 11lx 1.2x
paraoxon ¢ 1 10* 1?0 100 100 100 100 1*® 100 100 100 1 10* 100 100 10 100 100 100 100 10

53x 18x/31x 48x 39x 50x 75x 35x 33x 92x 12x 19x 70x 40x 15x 58x 27x 94x 90x 15x 81x 3.7x

2/Parathion

4/Paraoxon ¢ 106 16 168 1 1®® 10° 10° 100 100 1¢¢ 104 100 160 100 100 10° 10°¢ 10* 10 10 10°
5/DEP 45x 21x 49x 6.4x 88x 64x 76x 81lx 23x 7.6x 50x 14x 24x 38x 86x 28x 1.7x 72x 1.0x + 14x 7.4X
¢ 16 1660 100 1060 100 100 100 18 100 100 1 10° 100 1¢* 100 100 10 10° 100 10°
ZITabun 23x 46x 10x + 52x 28x 13x 52x + 1.3x 3.8x + + 1.6 x N 1.3x 15x 28x 54x 25x 3.1x +
166 100 10 1¢ 16 100 10 10 10 10 10¢ 16 16 100 100 10
8IVX 6.9x 22x 13x 26x 14x 16x 81lx 1l4x 27x 20x 36x 12x 85x 1l2x 10x 26x 23x 1l4x 45x 10x 14x 13x
¢ 160 100 18 166 166 1¢* 166 100 10 10 100 10* 100 100 10° 10° 10° 10° 10° 100 10
9/Sarin 52x 13x 94x 44x 11x 7.7x 46x 1l2x 45x 17x 63x 26x 1l4x 22x 16x 6.7x 48x 3.0x 1.1lx 19x 43x 49x

¢ 1 100 166 100 100 100 1 16°° 10 1 100 10°0 10° 10° 10° 10° 100 1¢¢ 100 100 10
6.7x 21x 18x 79x 13x 35x 93x 19x 1.7x 35x 1.7x 76x 35x 6.0x 45x 15x 88x 72x 51x 14x 21x 19x
i 100 100 166 10 100 100 166 100 100 1¢¢ 100 100 100 100 1¢® 100 100 @ 10° 100 10° 1Cf
16x 57x 8.8x 9.7x 3.0x 1.7x 34x 81x 63x 7.1x 18x 7.2x 12x 49x 23x 15x 78x 19x 13x 13x
11/Soman ND T
100 100 1% ¢ 100 166 10 100 18 1 166 168 1¢¢ 1060 1¢® 10° 100 10° 100 10
47x 44x 1.7x 46x 22x 11x 44x 3.1x 15x 97x 54x 20x 38x 13x 20x 19x 21x 6.9x 29x 23x 28X

1.1x
100 1 100 166 100 100 100 100 16° 10°  1® 100 10°¢ 10° 10° 100 10° 100  10° 100 1¢® 1¢

Grey boxes highlight..; values higher than for S5a. The errors for allgalare of 10% (not shown).

10/Russian-VX

12/Cyclosarin

134



Supplementary Information

Table 37. Change of specificities relative to 2/Pathion analogue.

Select PTE Variants
AnalogueothSSaABCDEFGHIJKLMNOPQRST
Paraoxon 95 7.6 1.7 0.66 043 0.75 0.62 50 0.004 108 6.1 17 21 81 41 02 03 03 25 03 0.1
1/Methyl-parathion0.059 0.11 0.62 0.45 0.19 0.20 0.10 0.94 0.31 0.03 0.76 3.6 0.77 06 06 56 13 0.9 440- 3.7 43
3/Methyl-paraoxon0.033 0.08 0.37 1.3 0.47 0.15 0.07 8.7 0.08 0.54 21.3 50 23121 206 15 12 06 319 614 19 3.1
4/Paraoxon  0.2410.079 26.1 19.7 13.6 11.80 13.6 94.8 28 26.5- 20.1- 97.9- 28 3.1 41 47.0 4.1 139 104
5/DFP 0.020 0.09 34 0.22 26 1.2 011 018 0.17 1.8 066 012072 07 055 01 02 03 05 t 20 18
7[Tabun  1x10*2x10* 0.33 + 0.70 0.25 0.08 55 t+ 1.4 223 +t t+ 150 t 24 07 05109 27.0 20 %
8/IVX 0.031 0.1 082 84 0.40 029 0.11 30.1 0.19 45 441 10.0 240 238 610 1.0 21 05
9/Sarin 0.024 0.06 1.0 [236 0.51 0.24 0.11 43.7 05 6.6 37.0 68.3 70.9 43 73 17

10/Russian-VX 0.030 0.09 1.2 27.3 0.37 0.07 0.14 430 1.2 8.4 69.0 ‘--E 59 85 26
1¥/Soman  0.0013x10* 22 t+ 1.1 022 0.09 289 ft 740--‘--‘- 7.4 8.4 2.0‘
12/Cyclosarin  0.005 0.02 1.4 25.8 0.60 0.19 0.07 45.8 1.0 165--‘--‘- 37 83 3.4|

T No detection. The changes in grey tone from lighddrk, indicate 10-fold increases in the seletstivalues. The horizontal dashed box indicates phosate substrates
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Table 38. Change of specificities relative t&yMethyl-parathion

Selected PTE variants

Analogue of wt Sha A B C D E F G H I J K L M N @) P Q R S T
Pxn -71.0 27 14 22 36 58 53 0.01- 79 046 2.7 132 65 004 025 0.36 0.05 0.00D.07 0.03
2/Parathion 169 91 15 21 51 48 94 10 31 259 13 027 12 16 15 0.18 0.76 1.0 0.02 0.0050.27 0.23
3/Methyl-paraoxon 0.55 0.74 0.60 2.9 24 0.75 070 9.2 0.27 14.08 27.8 1.38 29 198 323 0.26 0.88 0.60 0.72 028 051 0.72
4/Paraoxon 4.0 0.7241.6 43.0 69.5 56.9-- 9.2 -- 5.48-- 050 23 43 1.0 001 37 24
5/DFP 034 0.84 55 048 139 6.2 1.1 019 055 489 0.86 0.03 0.92 1.2 0.86 0.02 0.12 0.28 0.0t 055 0.41

7/Tabun 0.0020002 052 ft 35 12 084 58 t 378 291 t t 245 t 042 051 050 0.24 012 054+
8IVX 053 091 1.3 183 20 14 1.1 318 060 57.6 2.7 308 389 954 018 16 051 41 10 50 64

9/Sarin 040 054 16 514 26 11 10 46.2 16‘-- 100--- 077 55 18 169 3.1 26.7 42.0§

10Russian-VX 0.51 0.85 1.9 59.6 19 0.33 13 454 18.7 65 2.7 505 1.4 817
11/Soman 001 000 36 t 54 10 0.93 306 13 64 21 ! 7.5
12/Cyclosarin  0.08 0.19 2.1 56.3 3.0 093 0.70 483 3.2 -m- 0.67 6.3 3.6 305 13-

T No detection. The changes in grey tone from lighddrk, indicate 10-fold increases in the seletstivalues. The horizontal dashed box indicates phasate substrates.
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Table 39. Change of specificities relative t8/Methyl-paraoxon

Selected PTE Variants
Analogue of wt Sba A B C D E F G H I J K L M N O P Q R S T
Paraoxon 291.6/96.3 45 049 091 48 87 058 06 199 0.28t 094 066 020 0.16 028 059 0.07 0.01 0.14 0.05
UMethyl-parathior 1.8 14 16 034 041 13 18 0.10 36 007 003 033 005 003 37 11 16 13 35 19 13
2/Parathion 305 124 26 074 20 64 137 011 11.7 18 0.04 t 043 0.08 0.04 067 0.86 15 0.03 0.01 052 031
4/Paraoxon 7.3 098 694 148 285 75.6[183.5 10.8 349 489 8.9 t+ /1081 80 55 18 27 71 14 006 7.2 33

5/DFP 062 11 92 016 55 82 15 002 20 34 00% 031 0.06 0.02 007 014 046 0.01% 1.0 0.56
7/Tabun 0.003 0.003 0.87 t 14 16 11 060 ft 26 17 f T 1.2 t 15 058 082 034 043 10 %
8/VvX 095 12 28 63 083 19 15 31 22 83 20 t+ 103 19 29 067 18 084 57 37 96 89
9/Sarin 072 074 27 176 10 15 15 49 61 121 60 t+ 294 58 75 28 6.3 30234 111 514 57.9
10Russian-vX 093 1.2 3.6 204 078 044 19 49 143 156 103 Tt 449 103 135 39 74 45 69.7 51 '157.4 1456
11/Soman 0.02 0.00: 6.5 T 22 14 13 33 t 1867 141 T 873 454 134 49 7.3 3.4/399.1 26.4 350.7 374.8
12/Cyclosarin  0.15 0.26 3.6 195 12 12 1.0 52 11.8 30.1 26.7 T 1142 28.7 183 25 7.1 59 422 4.8 7729 949.9

T No detection. The changes in grey tone from lightlark, indicate 10-fold increases in the selestivalues. The horizontal dashed box indicates pihosate substrates.
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Table 40. Change of substrate selectivity in PTE-H.

Substrate - 1 2/ 3 4 5/ 7 8/ 9 10 11/ 12/
MPthn Parathion  MPxn Paraoxon DFP Tabun VX Sarin  RussianVX Soman Cyclosarin
Paraoxon 1 281.41 10.86 19.98 0.41 5.75 7.44 2.38 1.64 1.28 0.15 0.66
1/Methyl-parathion 4 x10° 1 0.04 0.07 1x10° 0.02 0.03 0.01 0.01 5x10° 5x10*  2.x10°
2/Parathion 0.09 25.91 1 1.84 0.04 0.53 0.68 0.22 0.15 0.12 0.01 0.06
3/Methyl-paraoxon  0.05 14.09 0.54 1 0.02 0.29 0.37 0.12 0.08 0.06 0.01 0.03
4/Paraoxon 2.45 689.13 26.60 48.92 1 14.07 18.21 5.84 4.01 3.13 0.36 1.61
5/DFP 0.17 48.97 1.89 3.48 0.07 1 1.29 0.41 0.29 0.22 0.03 0.11
7/Tabun 0.13 37.85 1.46 2.69 0.05 0.77 1 0.32 0.22 0.17 0.02 0.09
8/IVX 0.42 118.09 4.56 8.38 0.17 2.41 3.12 1 0.69 0.54 0.06 0.28
9/Sarin 0.61 171.76 6.63 12.19 0.25 3.51 4.54 1.45 1 0.78 0.09 0.40
10/Russian-VX 0.78 220.03 8.49 15.62 0.32 4.49 5.81 1.86 1.28 1 0.11 0.51
12/Soman 6.82 - 74.06 136.22 2.78 39.18 50.69 16.25 11.17 8.72 1 4.47
12/Cyclosarin 1.52 428.91 16.56 30.45 0.62 8.76 11.33 3.63 2.50 1.95 0.22 1

T No detection. The changes in grey tone from lighddrk, indicate 10-fold increases in the seletstivalues. The horizontal dashed box indicates phasate substrates.
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Table 41. Change of specificities in PTE-E relativeo S5a.

Substrate - Y 2/ 3/ 4/ 5/ 7/ 8/ o 10 11 12/
MPthn  Parathion = MPxn Paraoxon DFP Tabun VX Sarin  RussianVX Soman Cyclosarin
Paraoxon 1 5.8 0.62 8.3 0.04 5.2 6.9 5.3 55 4.3 6.3 8.1
1UMethyl-parathion  0.17 1 0.10 14 0.00 0.89 1.1 0.90 0.94 0.74 1.0 4 1.
2/Parathion 1.6 9.4 1 13.4 0.07 8.4 11.2 8.5 8.9 7.0 10.1 13.3
3/Methyl-paraoxon  0.12 0.70 0.07 1 0.005 0.63 0.8 0.63 0.66 0.52 0.75 0.9
4/Paraoxon 21.9 129.4 13.6 183.5 1 116.0 153.5 117.2 121.9 96.2 138.7 182.9
5/DFP 0.18 1.1 0.11 15 0.009 1 13 1.0 1.0 0.82 11 15
7/Tabun 0.14 0.84 0.08 1.1 0.007 0.75 1 0.76 0.79 0.62 090 1.1
8/VX 0.18 1.1 0.11 15 0.009 0.99 13 1 1.0 0.82 11 15
9/Sarin 0.18 1.0 0.11 15 0.008 0.95 1.2 0.96 1 0.78 11 5 1.
10/Russian-VX 0.22 1.3 0.14 1.9 0.01 1.2 15 1.2 1.2 1 14 1.9
11/Soman 0.15 0.93 0.09 1.3 0.007 0.83 1.1 0.84 0.8 0.69 1 31
12/Cyclosarin 0.12 0.70 0.07 1.0 0.005 0.63 0.8 0.64 0.66 0.52 75 0. 1

T No detection. The changes in grey tone from lighddrk, indicate 10-fold increases in the seletstivalues. The horizontal dashed box indicates phasate substrates..
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Table 42. Change of substrate selectivity in PTE-Q.

i 2/ 3/ 4/ 5/ 7/ 8/ o 10 11/ 12/
Substrate Pxn
MPthn  Parathion  MPxn Paraoxon DFP Tabun VX Sarin  RussianVX Soman Cyclosarin
Paraoxon 1 0.056 2.4 0.07 0.05 5.2 0.22 0.01 0.003 0.001 E-D4 0.002
1UMethyl-parathion  17.8 1 43.3 1.3 0.93 94.4 4.0 0.24 0.05 0.02 0.003 0.03
2/Parathion 0.40 0.023 1 0.03 0.02 2.1 0.09 0.005 0.001  468%1 7.9E-05 0.001
3/Methyl-paraoxon  12.9 0.724 31.8 1 0.67 68.4 2.9 0.17 0.04 0.01 0.003 0.02
4/Paraoxon 19.0 1.068 46.9 1.4 1 ‘- 4.3 0.25 0.06 0.02 0.004 0.03
5/DFP 0.18 0.011 0.46 0.01 0.01 1 0.04 0.00 0.001 20%13.7x10° 3.5x10
7/Tabun 4.4 0.247 10.8 0.34 0.23 23.3 1 0.05 0.01 0.005 0.001 0.00
8/VX 4.16 5.7 3.9 16.8 1 0.24 0.08 0.014 0.13
9/Sarin ‘ 16.9 ‘ 23.4 15.8 ‘ 68.7 4.0 1 0.33 0.05 0.55
10/Russian-VX 50.5 69.7 47.3 12.1 2.9 1 0.17 1.6
11/Soman - 69.3 17.0 5.7 1 9.4
12/Cyclosarin . 42.2 28.6 7.3 1.8 0.60 0.1 1
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Mi padre no me aguantaba,
decia muy aburrido:

“¢,Qué hacemos con este crio?
¢, Lo mandamos a otra tierra?”
Y alla fui yo a Inglaterra

con veintitrés afios de nacido.
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