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Preface 
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Summary 

A study of the penicillin-binding proteins (PBPs) in the membranes of 

various species of Bacilli by dodecylsulphate/polyacrylamide gel electrophoresis 

followed by detection of the PBPs by fluorography has shown the presence of 

J-5 such proteins depending on the species. Labelling of growing cells of 

Bacillus megaterium with [ 14
c]benzylpenicillin showed that the PBP with the 

highest molecular weight, PBP1, was the only penicillin-binding protein that 

binds benzylpenicillin to any significant extent at the minimum growth inhib

itory concentration. The covalent complexes formed between ~-lactams and the 

various penicillin-binding prdteins break down at different rates and the 

characteristics of the interaction of benzylpenicillin with PBP1 of B. megat

erium are very similar to those of the inhibition by benzylpenicillin of the 

natural peptidoglycan transpeptidase reaction that is catalysed by cell-wall/ 

membrane preparations of this organism. '.,PBP1 is proposed to be the peptido-

glycan transpeptidase that represents the lethal target of penicillin action. 

Penicillin-binding proteins have been solubilized from the membranes 

with non-ionic detergents and isolated by affinity chromatography. Prior 

separation of the PBPs by ion-exchange chromatography followed by affinity 

chromatography has. resulted in the purification of PBPs 1, J and 4 of B. 

megaterium. PBP5 has also been purified by affinity chromatography and this 
; 

purified protein catalyses a DD-carboxypeptidase reaction. None of the other 

purified PBPs has been shown to have enzymic activity in the terminal stages 

of peptidoglycan biosynthesis. The equivalent PBP1 from Bacillus licheniformis 

has been purified to ·protein homogeneity in large amounts in a single step 

process. Benzylpenicillin interacts with this purified protein to form a 

covalent stoicheiometric complex that subsequently breaks down and the half-
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life of the complex is identical to that formed with the membrane-bound protein~ 

Th e t echniques used for the purification of PBP1 of B. megaterium have also 

been u sed to isolate PBP1 of Escherichia coli . 

The reactiors that occur during the breakdown of benzylpenicillin-PBP 

complexes have been studied. The DD-carboxypeptidase of Bacillus stearotherm

ophilus fragments benzylpenicillin to form phenylacetylglycine and N-formyl

D-penicillamine. The comparable reaction that occurs with PBP1 of B. lichen

iformis, either membrane-bound or in a purified form, appears to be more 

complex; bound benzylpenicillin is released via at least two different routes. 
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1. INTRODUCTION 

Most antibiotics show selective toxicity by exploiting differences 

between the metabolic pathways or composition of the host and the invading 

organism. A rational approach to the development of new antibiotics is to 

discover the target of an existing antibiotic and then to elucidate the chemical 

nature of the interaction between the antibiotic and its target. By under-

standing the molecular mechanism of action of an antibiotic, it should be 

possible to design new molecules which would have the same effect but in a 

different way, in order to overcome the problems in clinical use of .resistance 

which have been experienced with certain antibiotics •. The rapid emergence of 

antibiotic-resistant organisms has necessitated the continual development of 

new drugs. 

It is nearly fifty years ago since Fleming made his discovery of penicillin 

(Fleming, 1929), a molecule selectively toxic to bacterial cells. Although 
',1 

the discovery heralded the start of probably the greatest advance in the treat-

rnent of illness in the history of mankind, the precise molecular mechanism by 

which this molecule kills bacteria has y et to be elucidated completely. 

1.1 The cell wall as the target of penicillin action. 

Studies qn the morphological effects produced on bacteria by penicillins 

led Gardener (1940) and Duguid (1946) to suggest that these aberrant forms 

were due to an interference by penicillin with the surface layers of the cell. 

Duguid (1946) proposed that the synthesis of the cell wall might be the target 

of penicillin action and that continued growth of the cell within a defective 

wall would eventually lead to lysis of the cell. This work directed subsequent 

studies on the mechanism of penicillin action towards investigations of the 

function of the cell wall, its chemical structure and its biosynthesis in 

1
UNIV ,TYr 
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order to elucidate how penicillin interferes with this component. Fleming 

(1929) observed that penicillinwas more effective against Gram-positive than 

Gram-negative bacteria, and it is the former class that will be mainly 

considered in this dissertation. 

The envelope of a Gram-positive cell consists of a cytoplasmic membrane 

within a ·cell wall. The envelope regulates the exchange of molecules between 

the cell and the environrrmt. Whilst the membrane constitutes the main perm-

eability barrier of the cell, the cell wall can affect the passage of ions and 

molecules as it carries a negative charge thus making it act as an ion-exchange 

resin. The main function of the cell wall is thought to be provision of a 

support against the osmotic forces that would otherwise cause lysis of the cell. . Removal of the cell wall by treatment with lysozyme results in lysis of the 

cell. The difference in osmotic pressure across the membrane of the cell has 

been calculated to be as gre,at as 20-JO atmospheres (Mitchell and Moyle, 1956) 
although the validity of these calculations has been questioned by Brown (1964). 
If the osmotic pressure difference is rell)6ved by suspending the cells in an 

isotonic medium containing a non-penetrable solute, then, in the presence of 

lysozyme, the cells are converted into spherical protoplasts (Weibull, 1953) 

suggesting that the cell wall also has a fundamental role in the maintenance 

of the shape of the cell. Further evidence for this latter role comes from 

studies of the shape of isolated cell walls; those from cocci are spherical 

while those prepared from bacilli are cylindrical. 
'1 

Lederberg (1956, 1957) observed that penicillin caused cells to adopt 

spherical £orms when treated in an isotonic or hypertonic medium which were 

analogous to the protoplasts produced by treatment with lysozyme. Lederberg 

therefore suggested that penicillin must interfere with the mechanical support 

supplied by the cell wall either by affecting its synthesis or maintenance 

rather than by disturbing the integrity of the cytopla smi c membrane . Thus 
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attention was drawn to determining the structure of the cell wall and 

investigating its biosynthesis in order to elucidate the molecular mechanism 

of penicillin action. 

1.2 The structure of the cell wall of Gram-positive bacteria 

The .structure and growth of the walls of Gram-positive bacteria has 

recently been reviewed by Rogers, Ward and Burdett (1978). The major component 

present in isolated walls is peptidoglycan (also known as murein, mucopeptide 

or glycopeptide). Peptidoglycan is a complex of amino acids and amino sugars 

and constitutes at least 50% of the total dry weight of isolated walls. 

Teichoic acids (phosplrrus-containing polysaccharides), lipoteichoic acids and 

teichuronic acids are also found in most Gram-positive bacteria and are 

important constituents of the cell wall as they can account for up to 50% of 

the total dry weight of the ,wall. 

Electronmicrographs of the cell wall indicate an amorphous structure 

without the distinct layers that are seeri~in the cell wall of Gram-negative 

organisms. The cell wall of Gram-positive bacteria is suggested to be built 

up of many layers of peptidoglycan to which teichoic acids and teichuronic 

acids are covalently attached without forming continuous layers. Fig 1.1 

shows a model of the structure of the wall. The outer surface of the wall 

is sometimes covered with a coat consisting of globular proteins or an exten-

sive fibrillar carbohydrate capsule. The peptidoglycan in the cell wall is 
'1 

the component that imparts tensile strength to the structure as its specific 

removal py treatment with lysozyme results in lysis of the cells. Similarly, 

growth of bacteria in a medium lacking an essential amino acid found only in 

the pe~tidoglycan can eventually lead to cell lysis (McQuillen, 1958). 
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1.J The structure of the cell wall of Gram-negative bacteria. 

Pepiiidoglycan is only a minor component of the Gram-negative cell -wall 

comprising only 5-100/o of the total dry weight of the wall. The other major 

components present are lipopolysaccharide, lipoprotein, phospholipid and 

protein. Thin section electron-micrographs of the wall show the presence of 

five distinct layers and the innermost of these layers disappears after 

treatment with lysozyme and EDTA suggesting that this innermost layer is com

posed of peptidoglycan. The thickness of the peptidoglycan layer is such that 

there can only be one sheet of cross-linked peptidoglycan molecules. Beyond 

the peptidoglycan layer lies the so-called outer membrane of Gram-negative 

organisms. This layer which surround; the cell consists of lipoprotein, lipo

polysaccharide, phospholipid ~nd protein (see Fig. 1.2 for a model of the 

structure of the Gram-negative cell wall). Treatment of Gram-negative cells 

with lysozyme/EDTA in a hypertonic medium causes the cells to adopt a spherical 

sJ:lape (spheroplast) indicating that although the peptidoglycan is a minor ,,, 
component, it plays a major role in the maintenance of cell shape. 

1.4 The structure of peptidoglycan. 

As well as causing effects on cells similar to those caused by lysozyme, 

treatment of cells with penicillin can result in the accumulation of a 

uridine nucleo~ide, which from its structure was suggested to be a precursor 

in peptidoglycan biosynthesis and this was the fiPst evidence that penicillin 

was a specific inhibitor of this process (Park and Strominger, 1957). 

Peptidoglycan has been suggested to be a single, enormous macromolecule 

that encompasses the cell (Weidel and Pelzer, 1964) and despite many variatibns 

in detail, the overall structure of peptidog~ycan is conserved throughout 

the bacterial world. The structure of peptidoglycan has been thoroughly 

reviewed by Ghuysen (1968), Schlei.fer and Kandler (1972) and Rogers (1974). 
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Fig. 1.2 Model of the structure of the Gram-negative cell wall. 
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The basic structure consists of strands of repeating di s accharide units with 

peptide side chains and the strands are cross-linked by bridges formed between 

peptide side chains on different strands (Fig. 1.3) 

The backbone of peptidoglycan consists of alternating glucosamine and 

muramic acid residues linked ~-1: 4. It is assumed that this basic structure 

is present in all bact eria,and in most organisms, the sugars are ~-acetylated. 

The length of these glycan strands has been shown to be as great as several 

hundred disaccharide units (Fox, Ward and Sargent, 1977). The carboxyl 

group of the D-lactyl groups present in most of the muramic acid residues 

are substituted by peptide units cqntaining 3-4 amino acid residues. The 

amino acids present in this side chain can vary bet ween species but the 

general sequence is -L-Ala-D-Glu~(R-D-Ala). In some organisms the C-terminal 

D-alanine residue may be absen~. The amino acid R can be meso or LL-diamino-

pimelic acid, L-lysine, L-ornfthine, L-diaminobutyric acid or L-homoserine. 

Bacillus megaterium, ~- licheniformis and B. stearothermophilus have meso-

diiminopimelic acid as the R residue. A 

The major variation in the structures of peptidoglycans from different 

bacteria is the nature of the cross-linking between the peptide side chains. 

The types of cross-linking observed have been split into 4 groups by Ghuysen 

(1968) and all these links involve the C-terminal D-alanine residue of one 

side chain. Tn the Bacilli considered in this dissertation and in all Gram-

negative bacteria, the cross-link consists of a direct linkage from D-alanine 
7 

to the amino group at the D-centre of the ~-diaminopimelyl residue in the 

other side chain (Fig. 1.3). Other types of cross-link involve a short peptide 

(eg. (Gly)
5 

in~- aureus) or a single amino acid extending from the D-alanine 

of one chain to a group on an amino acid in another chain. 

The degree of cross-linking of peptidoglycan can vary; the Bacilli and 

Gram-negative organisms have a low degree of cross-linking whereas in S. 
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Fig. 1.3 The repeating structure of cross- linked peptidoglycan. 

' f Peptidogiycan of type 1 (Ghuysen, 1968) as found in~- megaterium 

and~- coli demonstrating the direct peptide bond between two tetrapeptide 

side chains of two glycan strands. The linkage, denoted by the boxed arrow, 

is from the C-terminal D-alanine of one peptide to the amino group of the 

D-centre of diaminopimelic acid in the other peptide. 

G = N-acetylglucosamine; M = !:!_-acetylmuranmic acid. 
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aureus, cross-linkage is almost complete. By the formation of cross-links 

between peptidoglycan strands, it is possible to build up a large polymer 

in order to form the murein sacculus. Gram-positive bacteria are thought 

to contain several layers of peptidoglycan and although it is not known 

definitely how these layers are linked together, it may be by the formation 

of cross-links between the layers. X-ray studies on orientated layers of 

peptidoglycan from several species of bacteria suggest that the glycan chains 

in these layers lie within the plane of the wall (Burge, Fowler and Reaveley, 

1977). 

1.5 The synthesis of peptidoglycan. 

The synthesis of peptidoglycan is a multi-step process involving 20-JO 

reactions and·can b e split into three stages (for a review, see Strominger, 

1970). The first stag e , which takes place in the cytoplasm, is the synthesis 

of the low molecular weight precursors of peptidoglycan, UDP-N-acetylglucos

ariiine and UDP-~-acetylmuramylpentapetide (~ee Fig. 1.4). These soluble 

precursors accumulate in Staphylococci when treated with penicillin (Park and 

Strominger, 1957) and hence , their synthesis cannot be the site of penicillin 

action. 

The next stage involves transfer of N-acetylmuramylpentapeptide from the 

uridine nucleotide carrier to a membrane-bound lipid carrier (Strominger !:.!_~, 

1967; Higashi,· Strominger and Sweeley, 1967). The lipid carrier is a C 
5 ~ 5 

isoprenoid alcohol, undecaprenyl pyrophosphate. ~-acetylglucosamine is then 

transferred from its nucleotide carrier to the membrane-bound N-acetylmuramyl

pentapeptide to give a membrane-bound disaccharide unit. These disaccharide 

units are polymerized by a series of transglycosylation reactions to form a 

strand of peptidoglycan still attached to a membrane-bound lipid carrier. 

The transglycosylation reactions are insensitive to penicillin (Meadow, 
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nascent peptidoglycan. The nurrbers refer to the individual reactions 

in the biosynthetic pathway. 

•; 
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Anderson a nd Stroming er, 1964) and hence cannot be the site of penicill i n 

action. Ward and Perkins (1973 ) showed tha t in B. li ch eniformi s, t he 

reducing end o f t he growi n g cha in -i s t r ansferred from its membr ane- boun d carr ier 

to t h e non-re du cing ~-ace tylglucosamine residue of the new disaccharide

peptid~ uni t (Fi g. 1.5). Similar results have also been found in Micrococcus 

luteus (Weston, Ward a nd Perkins, 1977). The membrane carrier on which the 

"nascent" peptidoglycan is synthesized has not been identified conclusively . 

Fuchs-Cleve land and Gilvarg (1976) have claimed that the carrier for 

polymerizati on in~- megaterium is undecaprenyl pyrophosphate and these authors 

found that the averag e number of disaccharide units in a strand of membrane-

bound nascent p eptidoglycan was 12. The length of peptidoglycan strands 

excre t e d into the medi um by ce lls treated with penicillin is much larger than 

t h i s and can va r y from 50 s ub-uni t s in _tt. lut.e u s (Mirelman, Bracha and Sharon, 

197 2 ) t o 88-121 uni ts in B. ' lichen i form i s (Tynecka and Ward, 1975). However 

the l e n g t h of thes e excre ted s t rands is probably much larger than the length ,,. 
of un-cross-li nked nascen t peptido glycan i n bacteria noi t reate d with penicillin 

(vi de i n fra ) . 

In~· licheniformis, the nasce n t p ep ti doglycan strand i s transferred from 

the membrane i nto the cel l wall by a penicillin-sensitive transpeptidation 

reaction between peptide side-chains (Ward and Perkins , 1974 ; Fig . 1.5). The 

nas cent peptidoglycan acts as the carboxyl donor for the transpeptidation 

reaction through its C-terminal D-Ala-D-Ala sequepce, with a side chain in 

the pre-existing cell wall acting as amino acceptor (Fig. 1.6). It is not 

clear whether polymerization of the disaccharide units to form a strand of 

nascent peptidoglycan and the incorporation of this strand into the wall by 

transpeptidation are strictly sequential events or whether both reactions 

occur simultaneously with the newly synthesized strand being continuously 

incorporated into the wall as polymerization is occurring. If the latter 
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Fig. 1.5 Wall peptidoglycan synthesis. 

(1) Elongation of a strand of nascent peptidoglycan on the membrane. 
(2) Incorporation of nascent peptidoglycan into the cell wall by 

'1 transpeptidation. 

(3) Hydrolysis by DD-carboxypeptidase action leading to the release 
of D-alanine without formation of a peptide bond. 

Adapted from Ghuysen (197,7a). 
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The nascent peptidoglycan (open symbols) acts as carboxyl donor 

( ~ = D-Ala-D-Ala) and the pre-existing wall peptidoglycan (closed 
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symbols) acts as amino acceptor (-H). 

(1) Transpeptidase activity; (2) DD-carboxypeptidase activity. 

From Ghuysen ( 1977a ) . 
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system is the mechanism in vivo, then long strands of uncross-linked 

peptidoglycan would only be synthesized when transpeptidation is inhibited 

by penicillin (vide supra). 

The reverse direction of transpeptidation appears to occur in 

Gaffkya homari (Hammes, 1976; Hammes and Kandler, 1976) as the pre-existing 

wall peptidoglycan acts as carboxyl donor and tetrapeptide units on the nascent 

_peptidoglycan act as amino acceptors (Fig. 1.7). These tetrapeptide units 

are formed by the prior removal of the C-terminal D-alanine residue from 

the pentapeptide units by a DD-carboxypeptidase. 

In Micrococcus luteus, incorporation of peptidoglycan into the cell wall 

appears to be the result of the concerted action of transpeptidation and 

penicillin-insensitive transglycosylation between a glycan strand already in 

the wall and a glycan strand in nascent peptidoglycan, (Mirelman, Bracha and 

Sharon, 1974; Weston, Ward and Perkins, 1977). 

1~6 Transpeptidation and its inhibition~ penicillin. 

The inhibition of the peptidoglycan transpeptidation reaction by penicillin 

has long been thought to be responsible for the lethal effect of penicillin 

on growing cells (Wise and Park, 1965; Tipper and Stroming~r~ 1965). Tipper 

and Strominger (1965) observed that Staphylococcus aureus accumulated uncross

linked peptidoglycan in the cell wall when treated with penicillin and this 

suggested that transpeptidation was being inhibited in this organism. Not all 
., 

organisms show a reduction in the degree of cross-linking of the wall after 

growth in ~he presence of low concentrations of penicillin. This would be 

expected however, if penicillin inhibited the transpeptidation reaction by 

which new material is incorporated into the cell wall as no alteration in the 

degree of cross-linking would be observed under these circumstances. In fact, 

at high concentrationsof penicillin, no accumulation of uncross-linked material 
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Fig. 1.7 Attaclunent of nascent peptidoglycan to the pre-existing wall 

peptidoglycan in Gaffkya homari. •; 

The pre-existing wall peptidoglycan (closed symbols) acts as 

carboxyl donor ( 1 = D-Ala-D-Ala) and the tetrapeptide units of nascent 

peptidoglycan act as amino acceptors (-H). 

(1) DD-carboxypeptidase activity; (2) Transpeptidase activity. 

Prior DD-carboxypeptidase action on the nascent peptidoglycan is 

required for transpeptidation. (From Ghuysen, 1977a). 

H 
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was found in the walls off· aureus (Tipper and Strominger, 1968). A strand 

of nascent peptidoglycan can presumably be incorporated into the cell wall 

by j ust one transpeptidation reaction although many more transpeptidations must 

occur subsequently in order to achieve the high degree of cross-linking observed 

in isolated walls; up to 80% in Staphylococci (Ghuysen, 1968). If the trans

peptidation system is partially inhibited (ie. at low concentrations of penic

illin), incorporation of new material into the wall will still occur, although 

the number of cross-links formed will be reduced. If the system is completely 

inhibited (ie. at high concentrations of penicillin), no incorporation into 

the wall can occur and no effect of penicillin on the degree of cross-linking 

will be observed. 

Further evidence for the ·relationship between the killing site of 

penicillins and the peptidoglycan transpeptidase comes from a correlation of 

the minimum growth inhibitory concentrations of a penicillin with the concen-

tration of that penicillin that inhibits an in vitro peptidoglycan trans-,,. 
peptidation reaction (see Section 1.9) 

Tipper and Strominger (1965) postulated that the mechanism of the trans -

peptidation reaction involves the formation of a covalent intermediate between 

an amino acid in the enzyme and the carboxyl group of the pen~ultimate 

D-alanine residue of a peptide si.de chain in peptidoglycan with the concomitant 

release of the- C-terminal D-alanine residue (Fig. 1.8). The enzyme-bound 

material is then transferred to a free amino grou~ in another peptide side 

chain. On the basis of Dreiding stereomodels (Fig. 1.9), the authors also 

postulated that penicillin is an analogue of the D-alanyl-D-alanine end of the 

peptide side chain. The C-N bond in the ~-lactam ring would corre~pond in 

position to the peptide bond cleaved in the first stage of the transpeptidation 

reaction. Hence, penicillin would be an active-site directed inhibitor and 

would inactivate the transpeptidase by forming a stable penicilloyl-enzyme 
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The pentapept i de chain of nascent peptidogly~n reacts with the 

enzyme to form an acyl -enzyme intermediate with the release of D-alani ne. 

The acyl group carried on the enzyme i s then transferred to a free amino 

group in the cell wall to complete the cross-link. Penicillin reacts wi th 

the active centre of the enzyme to give rise to an inactive penicilloylated 

enzyme (from Tipper and Strominger, 1965) . 
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Strominger, 1965). 
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complex analogous to the postulated acyl-enzyme intermediate (Fig. 1.8). 

It is important to understand why the ~-lactam family of antibio t ics is 
so specific in its mod e of action as their lack of toxicity is a corollary 
of their specificity. Shaw (1970) considers that it is unlikely that these 
molecules are simply extraordinarily specific affinity-labelling agents for 
the transpeptidase as they would also be expected to react with other nucleo-
philic biomolecules before coming into contact with the transpeptidase. Indeed, 
Corran and Waley (1975) have shown that benzylpenicillin will react with amino 
groups in insulin and lysozyme to form penicilloyl derivatives but these non
specific reactions only take place at concentrations of benzylpenicillin 
thousands of times greater than those used for clinical purposes. The authors . 
conclude however, that non-specific reactions of this type give rise to anti-
genie determ:ira.nts and this is probably the chemical basis for penicillin 
allergenicity. 

The structural similarity proposed by Tipper and Strominger (1965) between ' ,; 

D-alanyl-D-alanine and penici ll in has been criticised on a nwnber of grounds . 
The major difference between the structures is that the nitrogen atom in the 
~-lactani ring has to be in a pyrimidal (sp3 ) configuration in order to reduce 
strain energy in the fused ring system. This configuration has been confirmed 
by X-ray structural analysis (Sweet, 1972) whereas the peptide bond 
in D-alanyl-D-alanine is planar (sp

2
). The difference in configuration results 

in a substantial difference between the bond angles around the nitrogen atom 
in the ~-lactam ring and about the peptide bond in D-alanyl-D-alanine with the 
consequence that in order for the same site on the enzyme to accommodate both 
molecules, the enzyme must either force the dipeptide into a configuration 
similar to that in penicillin or vice versa. This would require that the 
peptide bond to be cleaved would have to be distorted to a pyrimidal shape 

2 or that the ~-lactam nitrogen in penicillin would be distorted to the sp 



11 

configuration. Lee (1971) has suggested that if the normal mechanism of the 

j;ranspeptidase was to distort the substrate to the pyrimidal configuration, 

:then penicillin would act as an analogue of the transition state of the 

reaction and should bind to the enzyme with a very low dissociation constant. 

Rando (1975) has criticised this hypothesis on the grounds that the rotation 

about the peptide bond necessary to adopt the pyrimidal configuration, causing 

a loss of the double bond character, woul:lhave to be part of the mechanism of 

action of the transpeptidase. There is no evidence of this type of mechanism 

occurring in other proteases (a transpeptidase being a protease that uses an 

amine instead of water as an acceptor). If, on the other hand, penicillin binds 

to the transpeptidase in a strained configuration with the ~-lactam nitrogen 

approaching planarity, then the molecule would be rendered extremely active 

with the straih energy imposed by the enzyme being translated into the chem

ical reactivity of the ~-lactam bond, as cleavage of this bond would relieve 

the strain. The enzyme-bound antibiotic would thus be in a higher energy state ,,, 
than the unbound form, hence explaining the specificity of its interaction 

with this enzyme. 

As is discussed later (section 1.10.3), the kinetics of inhibition of 

some penicillin-sensitive DD-carboxypeptidases suggest a non-competitive 

type of inhibition with the substrate and penicillin binding at different 

sites on the enzyme. If this type of inhibition were proved to occur for all 

penicillin-sensitive enzymes, there would be no requirement for a structural 

similarity between penicillin and substrate. However, it is my view that the 

structural ~imilarity between penicillin and the substrates of penicillin

sensitive enzymes is too great to be due to pure coincidence, and that the 

binding sites of these molecules must therefore be the same. 
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1.7 Penicillin-induced cell lysis. 

The inhibition of cell growth caused by penicillin can be explained by 

postulating that inhibition of penicillin-sensitive enzymes involved in meta

bolism of the cell wall results in a perturbation in the expansion of the wall. 

However, this theory cannot explain directly the lysis of cells observed after 

treatment with penicillin. Lysis is a highly useful bactericidal property 

of the ~-lactam antibiotics not shared by many other antibacterial agents. 

The lysis of the cell caused by many inhibitors of cell wall biosynthesis 

(eg. ~-lactams, D-cycloserine, vancomycin) is thought to be due to the action 

of murein hydrolases (autolysins) on the cell wall (see Tomasz and Holtje, 1977 

for a rev iew). Bacteria in which the ac~ivity of these autolysins has been 
• supressed by mutation or other means, show a tolerance to penicillin and 

other cell wall inhibitors. ,Although the growth of the cells is inhibited, 

there is no lysis and the rate of loss of viability is reduced. Hence, under 
,,. 

these conditions, the cell wall inhibitors exhibit a bacteriostatic rather 

than a bactericidal action. An autolysin defective mutant of Diplococcus 

pneumoniae which had only 5-10% of the amidase activity of the wild-type cell 

showed a tolerant response to cell wall inhibitors (Lopez et!!.!_, 1976) • 

.£• pneumoniae grown in the presence of ethanolamine incorporate this amino-

alcohol into teichoic acid instead of the usual choline. Cell wall of n; 
pneumoniae containing ethanolamine is resistant to the hydrolytic action of '1 

the autolysin ·from this organism and these cells are not lysed by penicillin 

even at concentrations up to several thousand times the minimum growth 

irl4ibitory concentration of the normal cells. However the cells stop growing 

at the concentration of penicillin that is necessary to cause the lysis of 

cells grown in the presence of choline (Tomasz, Albino and Zanati, 1970). 

There exists for several species of bacteria ( Staphylococcus aureus, 
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Streptococcus faecium, Bacillus subtilis and Diplococcus pneumoniae) a unique 
pH value of the growth medium at which the particular bacterium shows a 

lytic response to penicillin . Thes e p H values correspond to the in vitro pH 

optima of the autolysins in these species. In growth media with pH values 

a bove or below the range during which lysis occurs, bacteria are prevented 

from growing but are not lysed by penicillins, and this is assumed to be due 

to reduced levels of autolytic activity at these pH values (Goodell, Lopez 

and Tomasz, 1976). 

• Autolytic activity in cells is important in cell separation as inhibition 
of this activity results in growth in the form of filaments (Holtje and Tomasz, 
1975). It may also be necessary to have autolytic activity for growth of the 

cell wall as the a ction of these enzymes could create new sites in the cell 
wall to which newly p o lymerize d strands of peptidoglycan could be linked 

in order to achieve enlargement of the wall (Weidel and Pelzer , 1964) . 
If peptidoglycan synthesis is inhibited by the addition of cell wall antibiotics .. ,, 
then the continued action of the a utolysi ris would result i n breakdown of the 
wall which would l ead eventually to the lysis of the cell. 

An alternative the ory of penici l lin-induced cell lysis has been proposed 
by Tomasz and co-workers (Toma s z and Ho lt je, 1977 ) , which is based upon the 

observa t ion that a l ip i d- c on t aining teichoic acid is released into the medium 
when Q• pneumon i ae i s treated with penici l lin. This rel eased lipid-containing 
teichoic .acid appears t o be ver y s imilar t o the Fonssman antigen fou nd i n 

D. pneumoniae and thi s la t ter compound has been f ound to be a powerful and 

specifi c inhibitor of the a midase of t h i s orga nism ( Holt je and Tomas z, 1975). 
It is suggested that in vivo, the amidase is inhibited by the lipid-containing 
teichoic acid and that penicillin causes release of this inhibitor into the 

medium thus activating the autolysin which results in lysis o f the cell . 
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These findings have also been extended to other species of bacteria that 

contain lipoteichoic acid. The autolysins of Streptococcus faecium, lacto-

bacillus acidophilus and Bacillus subtilis were all found to be inhibited by 

lipoteichoic acids isolated from the respective organisms (Cleveland et~, 

1975). It is not known however, how the theory can be extended to Gram-nega-

tive bacteria that do not contain lipoteichoic acid and yet are lysed in the 

presence of penicillin. 

According to the theory proposed by Tomasz and Holtje (1977), the 

antibacterial action of penicillin can be separated into two phases. In the 

first phase, penicillin inhibits the activity of an enzyme in the t _erminal 

stages of peptidoglycan metabolism, presumably a transpeptidase, and the 

response to this inhibition is ,a cessation of cell growth. This inhibition 

of growth may simply be due t9 the fact that the cell wall can no longer be 

enlarged or there may be a specific regulatory signal between peptidoglycan 

biosynthesis and the synthesis of other components of the cell. In the 

secondary phase, the initial inhibition o~ growth is .followed by the irrevers-

ible, lytic effects of penicillin. Inhibition of peptidoglycan biosynthesis 

appears to result in release of lipoteichoic acid into the medium, thus 

freeing the autolytic enzymes from inhibition which are then able to hydrolyse 

covalent bonds in the wall thus weakening it until it is eventually ruptured 

by the osmotic pressure inside the cell. The mechanism by which lipoteichoic 

acid is released into the medium is not known; it seems unlikely that it is 

'1 caused by the binding of penicillin to a receptor as the release is also 

observed with other inhibitors of cell wall biosynthesis. A single receptor 

would not be expected to respond· to a wide range of different molecules and 

it is unlikely that there are multiple receptors contrdling the release of 

lipoteichoic acid. The general effect of the inhibition of cell wall synthesis 

may result in the release of lipoteichoic acid but this effect cannot be 
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due simply to the action of autolytic enzymes damaging the cell wall and 

allowing release of lipoteichoic acid as the labilization and secretion of this 

material into the medium also occurs when lysis-defective bacteria are treated 

with penicillin (Tomasz and Waks, 1975). Hence the mechanism by which inhib-

ition of peptidoglycan biosynthesis triggers release of lipoteichoic acid 

remains obscure. 

As the lysis of bacteria by penicillins is an important part of their 

antibacterial action, an understanding of these processes may shed light on 

possible ways by which the action of these antibiotics might be improved. 

1.8 Penicillin-binding proteins. 

If it is assumed that the i~hibition of a peptidoglycan transpeptidase 

is the primary .site of penicill'in action, then it might be expected that the 

membranes of bacterial cells w,ould contain just one protein that would bind 

penicillin, namely the transpeptidase. As early as 1966, it was known that 

in addition to transpeptidase activity, a J)~nicillin-sensitive DD-carboxy

peptidase activity could also be detected (Araki~ al, 1966; Izaki, Matsuhashi 

and Strominger, 1966). This enzyme hydrolyses the C-terminal D-Ala-D-Ala 

sequence of the pentapeptide side chain of the peptidoglycan precursors. 

It was originally assumed that DD-carboxypeptidase activity was catalysed by a 

transpeptidase catalysing a reaction in which the donor peptide was transferred 

to water as an ·acceptor rather than to another peptide side chain (Izaki, ·, 
Matsuhashi and Strominger, 1966). However, there is now considerable evidence 

to suggest that peptidoglycan transpeptidase and DD-carboxypeptidase activities 

are not manifestations of just one penicillin-sensitive enzyme. This topic 

is considered in greater detail in Section 1.10.1. Further support for the 

existence of more than one penicillin-sensitive enzyme has come from the 

fractionation of enzymes solubilized from the membranes of E.coli. Two forms 
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of DD-carboxypeptidase/transpeptidase/endopeptidase activities were separated, 

one being sensitive to lower concentrations of ampicillin than the other, 

suggesting that these activities were catalysed by different proteins (Nguyen

Disteche et~, 1974b). Schwarz, Asmus and Frank (1969) postulated the 

existence of more than one transpeptidase in.§_. coli as they observed _that 

low concentrations of ~-lactam antibiotics caused filamentation of the cells 

which they assumed to result from the inhibition of a transpeptidase involved 

in septum fon,~tion whereas inhibition of the transpeptidase involved in 

elongation of the cell was only achieved at higher concentrations. Studies 

on the sensitivities of the DD-carboxypeptidase and transpeptidase activities 

of the membranes of~- megaterium led Wickus and Strominger (1972) to claim 

that there must be at least _five different enzymes present. 

The pres·ence of multip•le penicillin-binding components in Bacillus 

subtilis, ~- cereus, S. au~us and.§_. coli was demonstrated by Suginaka, 

Blumberg and Strominger (1972). In these experiments, membranes were labelled 

-with radioactive benzylpenicillin and pr'oteins were ~olubilized by treatment 

with the non-ionic detergent Nonidet. Attempts were made to separate the 

components that bound radioactive penicillin by chromatography on DEAE

cellulose and isoelectric focussing on polyacrylamide gels or on thin-layer 

cellulose. The results of these experiments indicated the presence of more 

than one binding component in each of the above organisms, although S. aureus 

and E.coli both appeared to have only a single major component. 
'1 

The investigation of multiple targets for penicillin action has been 

greatly amplified by the study of penicillin-binding proteins (PBPs). These 

proteins are detected by labelling isolated membranes with radioactive penic

illin followed by fractionation of the membrane proteins by dodecylsulphate/ 

polyacrylamide gel electrophoresis. In earlier studies, electrophoresis was 

performed in tube gels (Blumberg and Strominger, 1972a) and the proteins that 



17 

bound radioactive penicillin (the penicillin-binding proteins) were detected 

by measuring the radioactivity present in successive slices of the gel. More 

recent studies have used electrophoresis on slab gels followed by the more 

convenient detection of the radioactive proteins by scintillation autoradio

graphy (fluorography). The techniques have revealed the presence of multiple 

penicillin-binding proteins in all organisms investigated. Table 1.1 contains 

a summary of the number of penicillin-binding proteins together with their 

apparent molecular weights found in a large range of bacteria. Much work 

has been devoted recently to discovering the cellular functions of the PBPs 

and to determine which one(s) is important in the lethal action of penicillin . 

Two complementary approaches have been used to investigate the functions 

of the · penicillin-binding proteins and are described in further detail below. 

1.8.1 Genetic approach to elucidation of function. 

The prin,rcipal behind a genetic approach to discovering the functions of 

the PBPs is to isolate mutants lacking one,. or more of the penicillin-binding 

proteins and then to di scover what effect these mutations have on the growth 

or morphology of the cell followed by an investigation of the loss of any 

in vitro biochemical activities in the mutants. This approach was initiated 

by Spratt (Spratt, 1975; Spratt and Pardee, 1975) and a correlation 

was found between the v a rious morphological responses of the cells to ~-lactams 

and the binding of these ~-lactarns to the PBPs. The PBPs of E.coli (and by 

'1 
convention, of all organisms) are numbered in order of decreasing molecular 

weight (PBPs 1-6). It was suggested that PBP2 was required for the growth. 

of E.coli as rod-shaped cells as it is the target of the amidinopenicillanic 

acids (eg. mecillinam (FL1060)) which cause cells to grow as spheres. 

Preferential binding of ~-lactams to PBPJ causes inhibition of cell division 

and results in filamen tation and,when raised above the permissive temperature, 



Table 1.1 The penicillin-binding proteins of bacteria. 

Organism 

Bacillus 
subtilis 

PBP. 

1 
2 

3 
4 
5 

Bacillus cereus 1 
2 

3 

Bacillus 1 
stearothermophilus 2 

3 

Salmonella 1 
typhimurium 2 

Es_cheri chi a 
coli K12* 

Staphylococcus 
aureus 

3 
4 
5 

1 
2 

3 
4 
5 
6 

1 
2 

3 

Apparent 
Molecular 
Weight 

122000 
96000 
88000 
78000 
50000 

122000 
96000 
50000 

100000 
70000 
45000 

1~0000 
78000 
69000 

' 52000 
38000 

91000 
66000 
60000 
49000 
42000 
40000 

115000 

Binding of 
penicillin 

(% total) 

12 
17 
6 
7 

58 

·~ 8 
1 
2 

4 
65 
21 

100000 (doublet) 
46000 

Reference 

Blumberg and Strominger, 
1972~ 

Blumberg and Strominger, 
1972~ 

Yocum, Blumberg and 
Strominger, 1974. 

Shepherd, Chase and -
Reynolds, 1977. 

Spratt, 1977a 

Kozarich and Strominger, 
1978. 

* !• coli strain B/r c ontains an additional PBP (PBP7) with an apparent molecular weight of 32000 (.Spratt, 1977b). •1 



temperature-sensitive division mutants lost the penicillin-binding activity 

of PBPJ (Spratt, 1977b). PBP5/6 has DD-carboxypeptidase activity (Spratt and 

Strominger, 1976) and PBP4 is also thought to be a DD-carboxypeptidase as 

mutants have been isolated (Iwaya and Strominger, 1977; Matsuhashi ~~' 

1977) which lack PBP4 and have reduced DD-carboxypeptidase activity. The 

function of the DD-carboxypeptidases in the cell is unknown as mutants without 

this enzyme exist and are not reported to have any morphological defects; 

the physi o logical role of DD-carboxypeptidases is considered further in Section 

1.10.2). 

The elimination of PBPs 4 and 5/6 leaves any of the PBPs 1, 2 o.r 3 as 

being the peptidoglycan transpeptidase whose inhibition by penicillin leads 

to cell death. Mutants can be isolated lacking PBP2 and although they 

grow as spherical cells, they are still viable · (Spratt, 1975). PBPJ 

can similarly be eliminated a~ the PBP representing the target of penicillin, 

as mutants lacking this PBP have been isolated that grow as filaments (Spratt, ,,, 
1977b) . Spratt (1975) has proposed that PBP1 is the site to which ~- lactam 

antibiotics bind to inhibit cell elongation and cause lysis. The reason for 

this proposal was that cephaloridine, a specific inhibitor of cell elongation 

at low concentrations, shows. a higher affinity for PBP1 than for PBP2 or 

PBPJ. PBP1 has now been resolved into at least two components PBP1-A and 

PBP1-B by an alteration in the conditions used for gel electrophoresis (Spratt, 

Jobanputra and Schwarz, 1977). PBP1-B can also be split into at least 3 separate 

components but these have all been shown to be products of a single gene 

(Tamaki, Nakajima and Ma tsuhashi, 1977). PBP1-A is thought not to be essential 

for normal peptidoglycan synthesis as mutants lacking this PBP show only a 

slight loss of activity for in vitro peptidoglycan synthesis (Suzuki, Nishimura 

and Hirota, 1978). No defects in the growth of mutants lacking PBP1-A were 

observed, suggesting that the activity of this PBP is not essential for the 
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growth and normal morphology of!· coli. 

Mutants lacking PBP1-B were found to have markedly reduced levels of 

murein synthetic activity in vitro (Tamaki, Nakajima and Matsuhashi, 1977) and 

the continued formation of the membrane-bound lipid intermediate of peptido

glycan synthesis suggests that PBP1-B is involved in the terminal stages of 

peptidoglycan synthesis. It has not been shown directly that these mutants 

have reduced levels of peptidoglycan transpeptidase activity. The mutation 

in PBP1-B did not result in temperature-sensitive growth of the cell although 

a double mutant lacking PBP1-A and PBP1-B did show thermosensitive growth and 

lysed at the restrictive temperature. It is thought that PBP1-A and PBP1-B 

may both be able to catalyse an.essential reaction for cell growth·and, in cells 

that have a mutation in PBP1-B, PBP1-A fulfills this function. As PBP1-A • 
has a higher affinity for cep~alothin and cephaloridine than PBP1-B, inhibition 

of PBP1-A by these antibiotics might explain the observed increase in the 

sensitivity of mutants lacking PBP1-B to the cephalosporins. Further work is .,. 
needed to clarify the roles of PBP1-A and PBP1-B. 

Apart from these studies in!· coli, the genetic approach to the elucid

ation of the functions of PBPs has not been used to any great extent with 

any other organism. Buchanan and Strominger (1976) have isolated cloxacillin-

resistant mutants of Bacillus subtilis and an investigation of the PBPs of 

these mutants ied the authors to claim that PBP2 was the only PBP that could 

be the lethal·target of penicillin in this organis~. 

It should be remembered that a failure to observe the presence of a PBP 

in vitro d?es not necessarily indicate the lack of this PBP in vivo. The 

mutation might be such that the penicillin-binding activity of the PBP is lost 

during the procedure used to isolate the membranes of the cell. Secondly , 

the loss of a PBP may also be accompanied by the loss of the function of 

that protein , but it is possible that the function of the PBP is retained 
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although the penicillin-binding ability of the protein is lost. These 

points should be considered when interpreting the data from these genetic 

studies. 

1.8.2 -. Biochemical approach to elucidation of function. 

The second approach to determining the functions of the penicillin-

binding protei ns involves the purification of the PBPs followed by an invest-

igation of their in vitro enzymic activities. This is the approach that 

was used in the work described in this dissertation . In all the organisms 

examined to date, the PBP of the lowest molecular weight has been found 

to possess DD-carboxypeptidase activity . Thus in B. subtilis, PBP5 is a 

DD-carboxypeptidas e ( Blumberg a~d Strominger, 1972b) as is PBP5/6 of E:_· coli 

(Spratt and Strominger , 1976); PBP5 of Salmonella typhimurium (Shepherd, 

Chase and Reynolds, 1977) antj_ PBPJ of .!!• stearothermophilus (Yocum, Blumberg 

and Strominger, 1974). PBP5/6 of E:_• coli was purified by conventional methods 

of protein purification (Tamura , Imae and _Strominger,. 1976) while the other 

examples quoted above were purified after solubilization from the membranes, 

by cova lent affinity chromatography as firs t described by Blumberg and Strom

inger (1972b). In this technique , the PBPs are bound covalently to a derivative 

of penicillin attached to an inert support and are separated from the other 

proteins which do not bind to the affinity resin. The PBPs are removed from 

the affinity resin by treatment with neutral hydroxylamine, a reagent that 
'1 

breaks the covalent bond between penicillin and the DD-carboxypeptidase 

(Iawrence and Strominger, 1970). Affinity chromatography has enabled the 

purification of DD-carboxypeptidases in high yield in a _ one step process. 

An intermediate stage between membrane-bound and purified proteins, in 

which the PBPs are separated from each other but are not purified to protein 

homogeneity has been used by Shepherd, Chase and Reynolds (1977) in their 
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study of the PBPs of Salmonella typhimurium. The PBPs were solubilized from 

the membranes by treatment with a non- ionic detergent and separated from each 

other by ion-exchange chromatography. Fractions containing only PBP5 or 

PBP4 as the sole penicillin-binding protein (but also containing other proteins 

that did not bind [ 14c]benzylpenicillin), were able to catalyse penicillin-

sensitive DD-carboxypeptidase and natural model transpeptidase reactions. 

The carboxypeptidase reaction catalysed by PBP4 was far more sensitive 

to benzylpenicillin than that catalysed by PBP5 and the affinity of PBP4 

for [ 14c]benzylpenicillin was also greater than that of PBP5. As the .charac-

teristics of the inhibition of the DD-carboxypeptidase reactions by benzyl

penicillin were identical to the characteristics of the binding of [
1
4C]benzyl

penicillin to the PBPs in the .membranes, it was assumed that PBP4 and PBP5 

were catalysing these reactions. Subsequent unpublished work (S.T. Shepherd, 

personal communication) in wpich these PBPs have been purified to protein 

homogeneity has confirmed the earlier results and PBP4 has been shown to 

catalyse penicillin-sensitive DD- carboxyp_E/ptidase, model transpeptidase and 

endopeptidase reactions. As is discussed later, it is not unusual for a 

single protein to catalyse these three enzymic activities. PBP5 of§_. 

typhimurium catalyses DD-carboxypeptidase and model transpeptidase reactions 

but is responsible for only 20% of the DD-carboxypeptidase activity present 

in material solubilized from the membranes, the remaining 80% of the activity 

being catalysed by PBP4 (Shepherd, Chase and Reynolds, 1977). 
"! 

The situation in§.• typhimurium is probably very similar to that in E. 

coli, where both PBP4 and PBP5/6 have been shown to have DD-carboxypeptidase 

activity (Matsuhashi et~' 1977; Spratt and Strominger, 1976) with the 

reaction catalysed by PBP4 being more sensitive to benzylpenicillin than that 

catalysed by PBP5/6. It has not been possible to separate PBP5 and PBP6 of 

E.coli as these proteins appear to purify together in all systems tried 
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(Tamura, Imae and Strominger, 1976; Spratt and Strominger, 1976). 

None of the higher molecular molecular weight PBPs in Bacilli or any 

organism has been purified and characterized and this was one of the object

ives of the work described in this dissertation. 

1.9 In vitro transpeptidation assays. 

The difficulties in devising a meaningful assay for in vitro transpeptid

ation are well recognized. The system resembling the in vivo peptidoglycan 

transpeptidation reaction most closel~ involves the incorporation of the 

radioactively labelled precursors UDP-MurNAc-L-Ala-D-Glu(msA pm-D-Ala-D-Ala) -2 

and UDP-~-acetylglucosamine into cross-linked peptidoglycan. The degree of 

cross-linking of the newly synthesized material, which is a measure of the 

amount of trarrspeptidation tha.t has occurred, is determined by cleavage of 

the glycan chain with lysozyme (Fig. 1.10) and the fragments generated are 
' 

separated by paper chromatography. Transpeptidation results in the formation 

of .radioactive bis-{disaccharide peptides) and higher.oligomers in the 

lysozyme digest , and h ence a measure of the amount of these compounds formed 

is a measure of the a mount of transpeptidation that has occur red. These 

systems were first d eveloped in~- coli (Araki~~' 1966; Izaki, Matsuhashi 

and Strominger, 1966) a nd have been extended to 12_. megaterium , B. stearo

thermophilus (Reynolds, 1971) and 12_. licheniformis (Ward , 1974) . 

If this peptidoglycan transpeptidation is being catalysed by the in vivo 
"i 

peptidoglycan t ranspep tidase whose inhibition leads to the death of the cell 

(section 1 .6 ) , t h e n there would be expe cted to be a correlation between the 

concentrat i ons of, ~-lac t ams tha t i nhi b i te d growt h wi t h t he concentrat i on s 

that inhibited this in vitro reaction. Tabl e 1.2 shows a comparison of 

the concentrations of various ~-lactam antibiotics needed to inhibit the 

growth of organisms by 50% with the concentrations that result in a 50% 
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Fig. 1.10 Peptidoglycan synthesis in cell-wall/membrane preparations of 

~- mega teri um. 

UDP-_N-acetylglucosamine and UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) -2 
"I 

are incorporated into cross-linked peptidoglycan. The vertical dotted 

arrows indicate the point of hydrolysis by a lysozyme-type enzyme, which 

breaks the polymerized product into monomer disaccharide peptides and 

bis-(disac charide peptides) . 



Table 1.2 Sensitivity of growth of bacteria and in vitro transpeptidase and 

DD-carboxypeptidase reactions to @-lactam antibiotics. 

Antibiotic Concentration 
inhibiting 
growth by 50% 

(µM) 

1) Escherichia coli
1 

Benzylpenicillin 
Ampicillin 
Methicillin 
Cephalothin 

80 
8 

2500 
120 

2) Bacillus megaterium
2 

(µg/ml) 

Benzylp'eni ci l lin 
Cloxacillin 
Methicillin 
Cephalothin 

0.08 
0.08 . 

O.J 
0.1 

J) Bacillus stearothermophilus
2 

(µg/ml) 

Benzylpenicllin 
Cloxacillin 
Ampicillin 
Carbeni ci 11 in 
Cephaloridine 
Cephalexin 
Ce:phalothin 

0.003 
0.007 
O.OOJ 
0.007 
0.002 
0.01 
0.003 

Concentration 
inhibiting 
transpeptidation 

by 50% (µM) 

8 
8 

2500 
36 

(µg/ml) 

0.1 
0.1 
O.J 
0.1 

(µg/ml) 

0.05 
0.1 
0.05 
0.1 
O.OJ 
0.1 
0.05 

Concentration 
inhibiting 
DD-carboxypeptidase 

by 50 % (µM) 

0.006 
0.006 
1.J 
2.4 

(µg/ml) 

8 
100 
100 
100 

. (µg/ml) 

0.08 
10 

1 
1.5 

JOO 
1000 

JOO 

1 
' l Compiled from the data of Izaki et ~ (1966, 1968) and Izaki and Strominger. 

( 1968). 

2
compiled from the data of Reynolds and Barnett (1974). 
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inhibition 0£ the in vitro transpeptidation reaction. There is a good 
correlation between the two sets of values £or both E.coli and B. megaterium 
whereas £or~· stearothermophilus, the growth 0£ the organism appears to 
be about 10 times more sensitive to each ~-lactam tried than the transpeptidase. 
However, it is not known by what proportion transpeptidation has to be inhib-
ited £or growth of the cell to cease. These results suggest that the trans
peptidase being studied in this in vitro system may well be the lethal 
target £or penicillin. 

The assay system requires the activities of all the membrane-bound 
enzymes involved in peptidoglycan biosynthesis subsequent to the formation 
0£ UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) and no such system requiring -2. 
the activities of a series of ·enzymes can be used to measure transpeptid~se 
activity in partially purified enzyme preparations as these preparations 
may not contain all the necessary enzymes £or the assay. Cell wall attached 
to the membrane is needed to act as an acceptor £or the newly synthesized .,, 
peptidoglycan and hence cell-wall/membrane preparations prepared by blending 
with polystyrene beads (Reynolds, 1971) or by grinding with alwnina (Araki 
!:.!_~, 1966) are needed. It is also possible to study the same system in 
whole cells that have been made permeable to the substrates by treatment 
with toluene (Schrader and Fan, 1974) or ether (Mirelman, Yashouv-Gan and 
Schwarz, 1976) •-

Al though ·the system cannot be studied with is~lated membranes because 
0£ the absence of cell wall to act as an acceptor, Wickus and Strominger 
(1972) added diaminopimelic acid to act as an unnatural acceptor £or peptido
glycan synthesized by the isolated membranes of~- megateriwn. A study by 
Reynolds and Barnett (1974) on the inhibition by ~-lactams 0£ the natural 
peptidoglycan transpeptidation reaction and the transpeptidation reaction in 
which diaminopimelic acid is incorporated into peptidoglycan has suggested 



SI~ that these two reactions are catalysed by the same enzyme~ the characteristics 

of the inhibition of the two reactions by ~-lactams was the same. Hence 

these studies on the incorporation o.f diaminopimelic acid into peptidoglycan 

may be meaningful studies of the natural peptidoglycan transpeptidase. 

Nguyen-Disteche ~!:!, (1974a) developed a natural model transpeptidase 

assay for 12_. coli K12 in which a pentapeptide substrate is cross-linked to 

form peptide dimers identical to those found in the cell wall of this organism 

(Fig. 1.11). This reaction can also be catalysed by enzymes from -~· typhi

murium with high efficiency (Shepherd, Chase and Reynolds, 1977) and 

Proteus mirabilis with low efficiency (Martin, Schilf and Maskos, 1976), but 

has yet to be demonstrated in Gram-positive organisms. 

Various simple, uncoupled,· unnatural model systems have been developed 

to assay for transpeptidase activity. These systems use natural or synthetic 

substrates as donors for the reaction and amino acids or simple peptides as 

acceptors (for a review see Ghuysen ~!:!_, 1974). However, the reactions 
,,. 

followed in these systems are not catalysed by the physiological peptidoglycan 

transpeptidases and these unnatural model transpeptidase activities were 

first demonstrated with purified enzymes possessing DD-carboxypeptidase 

activity. Reynolds and Barnett (1974) showed that the characteris tics of the 

inhibition by ~-lactams of the unnatural transpeptidase catalysed by the 

membranes of ~~ _megaterium (the incorporation of D-[ 14c]alanine into UDP

MurNAc-L-Ala-D~Glu-(msA pm-D-Ala-D-Ala) with the release of the C-terminal - 2 r-
D-alanine) were very similar to those of the DD-carboxypeptidase and not 

similar to the characteristics of the inhibition of the peptidoglycan trans-

peptidase. Hence it was assumed that it was the DD-carboX:ypeptidase .rather 

than the peptidoglycan transpeptidase that was catalysing this model trans-

peptidation reaction. A DD-carboxypeptidase is also postulated to have an 

enzyme-bound intermediate similar to that formed by a transpeptidase but the 



L-Ala -oLGlu . 

T-o - Ala - o-Ala 

ms-[ 14C]A2pm 
1 

L-A!a -01Glu 

T-o -Al a-o-Ala 

ms-[ 14C]A2pm 
1 

L -Ala -01Glu 

. T-o-Ala-o-Ala 

J..-Ala-o1Glu ms-[ 14C]A2pm 

,,, 

. ro-Ala-1 
ms-[ 14C]A2pm 

1 

'1 

+ D-Ala 

Fig. 1.11 Natural model transpeptidation reaction in which peptide dimers 

are formed from a pentapeptide substrate. 
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bound peptide is transferred to water (Izaki, Matsuhashi and Strominger, 1966) . 

(Fig.1.12) . The enzyme-bound peptide in the DD-carboxypeptidase reaction 

might be expected to be transferred to other acceptors especially when a 

high concentration of acceptor is used to show this transpeptidase activity. 

Tamura, Imae and Strominger (1976) used concentrations of glycine as high 

as 1.2 M acting as an unnatural acceptor to show model transpeptidase activity 

with the purified DD-carboxypeptidase of~- coli. 

The lack of a suitable non-coupled assay for peptidoglycan transpeptidases 

has considerably hampered the purification of these enzymes, which has prevented 

studies of the molecular mechanism of their interactions with penicillin. 

1.10 DD-carboxypeptidases. 

DD-carboxypeptidases have been the subject of much study in the last ten 

years as they are the only p enicillin- sensitive enzymes that can be assayed 

r~adily in in v i tro systems. The enzymes .are assayed by measuring the r elease .,, 
of the C-ter minal D-alanine residue from various substrates with a C-terminal 

sequence -D-Ala-D-Ala. The release of D- alanine can be measured in two ways: 
. ~ 4 (a) The rel ease of [ C] D-alanine from substrates with [ 1 

C] D-alanine at 

the C-ter minus is measured by s e para t ing t he s ubstrat es and products of the 

reaction by paper chromatogra phy followe d by location and measuremen t o f t he 
. 14 . 

amoun t of [ C] D-alanine released. (b) The release o f D-a l anine c a n also 

be measured by using a sui t a b le colourimetric assay. I n ear l y exper iments , 

the release of D-alanine was assayed by reaction with fluorod i n itr obenzene 

as descr i be d by Ghuysert ~ al (1965 ) . More r ecen tly, D-ala n i n e has b een 

e~timated by use of D-amino acid oxidase and coupling the format i on of H 0 
2 2 

to the oxidation of a suitable dye (Johnson et al, 1975). Although method (b) 

provides a much quicker assay of DD-carboxypeptidase activity, it can be less 

accurate than method (a) as it me~sures also any D-alanine released by 
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14

cJD-alanine released. (b) The release of D-alanine can also 

be measured by using a suitable colourimetric assay. In early experiments, 

the release of D-alanine was assayed by reaction with fluorodinitrobenzene 

as described by Gl,myseri ,!:.!. al (1965). More recently, D-alanine has been 

estimated by use of D-amino acid oxidase and coupling the formation of H 0 
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to the oxidation of a suitable dye (Johnson et!!.!._, 1975). Although method (b) 

provides a much quicker assay of DD-carboxypeptidase activity, it can be less 

accurate than method (a) as it me~sures also any D-alanine released by 
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Fig. 1.12 The catalysis of transpeptidase and DD-carboxypeptidase activities 
by t~e same enzyme. 

The enzyme reacts with the peptide side-chain ,pf a substrate to form 
an acyl-enzyme intermediate with the release of D-ala *. The acyl group 
is then transferred either onto the amino group of an acceptor (trans
peptidase activity) or to water (DD-carboxypeptidase activity). 
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carboxypeptidase II, an enzyme that is not inhibited by penicillins but is 

present in the membranes of some organisms (Izaki and Strominger, 1968). This 

enzyme removes the C-terminal D-alanine residue from the product of the 

reaction catalysed by DD-carboxypeptidase (ie. the penultimate D-alanine 

residue of the pentapeptide substrate). Hence the release of D-alanine 

observed using method (b) may not be entirely due to DD-carboxypeptidase 

activity. 

DD-carboxypeptidase activity was first reported to be present in the 

membranes of~- coli by Izaki, Matsuhashi and Strominger (1966) and this 

activity has also been found in the membranes of B. subtilis (I.awrence and 

Strominger, 1970), ~- megaterium (Reynolds, 1971; Wickus and Strominger, 1972; 

Diaz-Maurino, Nieto and Perkins,' 1974), ~- stearothermophi lus (Reynolds, 1971; 

Barnett, 1973), ~- coagulans ('McArthur, 1976), Salmonella newington (Izaki and 

Strominger, 1968), Salmonella typhimurium (Shepherd, Chase and Reynolds, 1977), 

Proteus mirabilis (Martin , Maskos and Burger, 1975), Micrococcus luteus 

(Linder and Salton, 1975), Streptococcus f~ecaflis (Coyette et!:.!., 1974), 

Pasturella pseudotuberculosis (Izaki and Strominger, 1968) and Anabaena 

variabilis (Matsuhashi, Furuyama and Maruo, 1969). Various strains of 

Streptomyces and Actinomadura excrete exocellular DD-carboxypeptidases into 

the growth medium (Ghuysen et al, 1970; Leyh-Bouille et al, 1971, 1972) and 

the molecular mechanism of the interaction of ~-lactam antibiotics with 

the exocellular enzymes from Streptomyces R61 and Actinomadura RJ9 has been 
"! 

studied in great detail (for a review see Ghuysen, 1977b). These latter two 

enzymes we~e chosen for study on account of the ease of their purification 

by conventional procedures. The membrane-bound DD-carboxypeptidases have to 

be solubilized from the membranes by detergents and the presence of detergent 

limits the number of methods tha.t can be satisfactorily used in the purification 

of ·~hese proteins. 
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1.10.1 DD-carboxypeptidases as target; of penicillin action. 

It was originally thought that the DD-carboxypeptidase reaction was 
catalysed by a transpe~tidase catalysing a reaction in which the donor 
peptide was transferred to water as an acceptor rather than to another peptide 
side chain (Izaki, Matsuhashi and Strominger, 1966; Fig. 1.12). It was 
assumed that the study of the DD-carboxypeptidase would also be a study 
of the peptidoglycan transpeptidases, the targets of penicillin action. 
Many lines of evidence now suggest that the DD-carboxypeptidase reaction is 
not catalysed by an uncoupled peptidoglycan transpeptidase and that the 
DD-carboxypeptidase is not the target of penicillin in any organism _except 
Gaffkya hornari. Izaki and Strominger (1968) compared the ccrcentrations of 
penicillins needed to inhibit the growth of!• coli with those needed to 
inhibit' the DD-carboxypeptidase by 50% (Table 1.2) and found that the DD-carb-
oxypeptidase was inhibited by concentrations of penicillins and cephalosporins 
far lower than the growth inhibitory concentrations, although the latter 
figures correlated well with the concentrations needed to inhibit the in vitro 
peptidoglycan transpeptidase activity. The difference in sensitivities to 
~-lactam antibiotics of the DD-carboxypeptidase and transpeptidase of E.coli 
disproves the suggestion that the two reactions were being catalysed by the 
same enzyme. However, the difference does not necessarily disprove that the 
no..:carboxypeptidase is the lethal target of penicillin as the greater sensit-·, ivity of the DD-carboxypeptidase may be because of the presence of a permeab-
ility barrier preventing penicillin from reaching its target in whole cells 
while this barrier is absent in isolated membranes. 

Blumberg and Strominger (1971) compared the concentrations of antibiotics 
that killed cells of Bacillus subtilis with the concentrations that inhibited 
the DD-carboxypeptidase of this organism in vitro. 6-aminopenicillanic acid 
caused a 95% inhibition of the membrane-bound DD-carboxypeptidase at concen-
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trations that had no effect on the cells, whereas concentrations of cephalothin 

could be found that killed cells but had no effect on the DD-carboxypeptidase 

activity in vitro. The se results were confirmed by treating whole cells ~ ith 

the appropriate antibiotic followed by determination of the residual DD-carb-

oxypeptidase activity in membranes isolated from these cells. Hence it appears 

that in B. subtilis, inactivation of the DD-carboxypeptidase is not lethal for 

the cell. Similar studies by Reynolds and Barnett (1974) on the DD-carboxy-

peptidases of~- stearothermophilus and B. megaterium showed that growth of 

cells was affected by concentrations of ~-lactam antibiotics several orders 

of magnitude lowe r than those needed to inhibit the DD-carboxypeptidase (see 

Table 1.2), which again confirmed that in these organisms, the killing site 

of penicillin is not the DD-carbdxypeptidase. 

In ' various speci es of Streptomyces, the model transpeptidation reactions 

catalysed by the exo ce llular ~D-carboxypeptidases have been suggested to be 

related to the in vivo peptidoglycan transpeptidation reactions on the basis 

of the similar i ty between the substrate reqrtirements of the exocellular 

enzymes and the presumed substrates of the in vivo transpeptidation reaction 

(Leyh-Bouille ~ ~, 1970). These similarities led the above authors to . 

suggest that the exocellular enzymes might be soluble forms of the membrane-

bound peptidoglycan transpeptidases and that removal of the enzyme from its 

hydrophobi c environment in the membrane to an aqueous environment would 

explain the acquisition of DD-carboxypeptidase activity. Some support for the 
' l 

latter hypothesis came from studies of the reactions catalysed by the 

exocellular . enzyme from Streptomyces R61 in which the dielectric constant was 

altered by the , addition of ethylene glycol. It was found that the ratio of 

transpeptidation:hydrolysis was higher in buffers with a higher dielectric 

constant which were assumed to resemble more closely the environment in the 
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membrane (Frere et !:l, 1973). However, there is a complete lack of correlation 
between the sensitivities of the membrane-bound transpeptidase and the 
exocelluar transpeptidase activities of Streptomyces R61 to ~-lactam antibiotics 
(Ghuysen, 1977a). Furthermore, antibodies specific for the exocellular 
enzyme did not bind to the isolated membranes and had no effect on the 
membrane-bound transpeptidase (Nguyen-Disteche et !:l, 1977). These observa
tions would suggest that the exocellular and membrane-bound transpeptidases 
are different proteins. It can however be argued that the process of removal 
of the protein from the membrane and its excretion into the medium might have 
substantially altered its affinity for ~-lactam antibiotics and its antigenic 
properties. The ID

50 
values of the membrane-bound transpeptidase activity 

of Streptomyces R61 were found to be similar to the concentrations of ~-lactams 
that inhibited the growth of cells by 50% (Marquet ~t al, 1974), suggesting 
that this reaction is more likely to be the lethal target of penicillin 
action. More recent work involving the study of the penicillin-binding 
proteins in the membranes of Streptomyces (P.E. Reynolds, personal communic
ation) have confirmed that the exocellular enzymes cannot be soluble forms 
of the membrane bound enzyme as the molecular weight of the former protein 
is greater than that of the transpeptidase from which it was assumed to be 
derived. 

The mechanism of incorporation of nascent peptidoglycan into the cell 
wall of Gaffkya homari requires the action of a DD-carboxypeptidase to form 

~ the tetrapeptide side chains in the nascent peptidoglycan that act as amino 
acceptors in ~he transpeptidation reaction (Fig. 1.7). Hence transpeptidation 
cannot procede without prior DD-carboxypeptidase action and inhibition of 
the DD-carboxypeptidase is sufficient to prevent incorporation of peptido-
glycan and to cause cessation of cell growth (Hammes, 1976). Thus the DD-
carboxypeptidase could be the target of penicillin action in Gaffkya homari. 



JO 

The physiological role of DD-carboxypeptidases. 
As DD-carboxypeptidase activity is not an uncoupled reaction catalysed 

by a peptidog lycan transpeptidase, its physiological function in the cell 
must be determined. It is certain that at some stage during the synthesis 
of peptidoglycan, D-alanine residues are removed, presumably by a DD-carboxy
peptidase, as the residual noncross-linked peptide side chains in the wall 
have lost the C-terminal D-alanine residue that was present in the nucleotide 
precursor. The isolat e d walls of Gram-negative organisms and the Bacilli 
contain virtually no pentapeptide side chains indicating that all the C-term
inal D-alanine residues have been removed (Ghuysen, 1968). 

Izaki et al (1968) discussed the possibility that the DD-carboxypeptidas e 
of E. coli might serve to limit 'the extent of cross-linkage of peptidoglycan 
in · the cell wall. The removal! of the C-terminal D-alanine residue from a side 
chain will prevent that side ?hain from acting as a donor in a transpeptidation 
reaction. By limiting the extent of cross-linking of the wall, the degree of 
ii::/3-rigidity might be controlled. There is ~ome support for this idea from 
studies of the cell wall of~- aureus, which ha~ a very high degree of cross
linking (Ghuysen, 1968) and contain no detectable membrane-bound DD-carboxy
peptidase activity (Matsuhashi, Dietrich and Strominger, 1967). Hence it can 
be suggested that the high degree of cross-linkage was possible because there 
was no DD-carboxypeptidase to limit cross-linkage. However, in contrast to 
this example, the noncross-linked peptide side chains in the walls of Lacto

'1 bacillus acidophilus strain 6JAM Gasser have retained the D-Ala-D-Ala sequen.ce 
of the nucleotide precursor presumably because of the lack of DD-carboxypept
idase activity in this organism (Coyette and Ghuysen, 1970). The walls of 
~- acidophilus have a low degree of cross-linking (30%. Coyette and Ghuysen, 
1970) rather than the high degree that would be expected in the absence of a 
DD-carboxypeptidase. Analysis of. the cell wall ' of B. subtilis grown in the 
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presence of 6-aminopenicillanic acid at a concentration that inhibited 95% 
of the DD-carboxypeptidase activity showed no increase in the degree of cross
linkage over that of a control (Sharpe, Blumberg and Strominger, 1974). Hence 
it would appear that the degree of cross~linkage cannot, at least in some 
organisms, be dependent on DD- carboxypeptidase activity, but must depend on 
the efficiency of the transpeptidase in forming cross-links as the newly 
synthesized strands are inserted into the cell wall. 

Another possible in vivo function of a DD-carboxypeptidase is to act 
as an endopeptidase capable of hydrolysing cross-links in peptidoglycan. In 
Gram-negative bacteria and in various Gram-positive Bacilli,· the interpeptide 
bond formed in a transpeptidation reaction ( a D-Ala-(D)-~-diaminopimelyl 
linkage in an a position to a free carboxyl group) fulfills the substrate . requirements for a DD-carboxyp.eptidase. Hence it is possible for a DD-carboxy-
peptidase to cleave this linkage thus manifesting endopeptidase activity. 
Penicillin-sensitive endopeptidase activity has been detected in!· coli 

' ,; (Bogdanovsky, Bricas and Dezelee, 1969) and various purified DD-carboxypept-
idases have been shown to have endopeptidase activity in vitro. This activity 
has been shown for the DD-carboxypeptidase from~· stearothermophilus (Yocum, 
Blumberg and Strominger, 1974), DD-carboxypeptidase lB of E. coli (Tamura, Imae 
and Strominger, 1976) and PBP4 of~· typhimurium (S.T. Shepherd, personal 
communication). The physiological function of an endopeptidase is unknown, 
but such an iri vivo activity could play a part in l~miting the degree of cross
linking of peptidoglycan. 

Mirelman and his co-workers have recently demonstrated a correlation 
between the extent of peptidoglycan cross-linking and the DD-carboxypeptidase 
act ivity of E. coli. Partial inhibition of the DD-carboxypeptidase by ampicillin 
whi ch resulted in filamentation of the cells, caused an increase in the incorp-
oration and degree of cross-linkag ~ of newly synthesized peptidoglycan 
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(Mirelman, Yashouv-Gan and Schwarz, 1976). Also, non-septated filamentous 

cells of a temperature-sensitive division mutant and cells growing as 

filaments in the presence of cephalexin or nalidixic acid had lower levels 

of DD-carbox:ypeptidase activity and higher degrees of cross-linking of newly 

synthesized peptidoglycan than normally dividing cells of the same strain 

(Mirelman, Yashouv-Gan and Schwarz, 1977). The authors suggested that the 

inabili !:Y to form new di~}din~ _l?epta was ~ause_d by an imbalance between 
------------

DD-carboxypeptidase and transpeptidase activities. It is suggested that 

the DD-carboxypeptidase plays a regulatory role in the incorporation by 

transpeptidation of newly synthesized strands of peptidoglycan into the cell 

wall. Peptidoglycan strands from which most of the C-terminal D-alanine 

residues have been removed by DD~carboxypeptidase activity could accumulate 

at the ·equator of the cell anq act as acceptors in transpeptidation reactions 

with newly synthesized donor strands thus leading to the formation of the 

cross wall. A reduction in the level of DD-carboxypeptidase activity would 

thus res.ult in an inhibition of septum forlljation and ~ell division. 

These suggestions have been confirmed by studies of the variation in 

DD-carboxypeptidase and transpeptidase activities during the division cycle 

in synchronized cultures of.§.• coli (Mirelman.et ~, 1978). It was found that 

the ratio of transpeptidase·:DD-carboxypeptidase activities decreased before 

septum formation (which would promote the accumulation of acceptor strands 

for cross-wall· formati0n) together with a decrease in the· amount of peptido-
·; 

glycan synthesized and its degree of cross-linkage. These parameters all 

increased ~gain after cell division was complete. 

However, the above studies are in conflict with other recent work with 

E.coli, which has suggested that there may be no physiological function for 

the DD-carboxypeptidases, at least when cells are grown under laboratory 

conditions. Mutants have been isolated that lack both DD-carboxypeptidase 1B 

. I 
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(PBP4) and DD-carboxypeptidase 1A (PBP5/6) (Suzuki, · Nishimura and Hirota, 
1978). These mutants are viable and are not reported to have an altered 
morphology suggesting that the lack .of DD-carboxypeptidase activity does not 
affect the growth of the cell. It is possible however, that these mutants 
have sufficient residual levels of DD-carboxypeptidase activity to catalyse 
whatever reactions are necessary for the normal growth of the cell. 

1.10.3 Characterization of the DD-carboxypeptidases and their interactions 
with §-lactam antibiotics. 

It must be remembered that by studying the interaction of penicillin with 
the DD-carboxypeptidases, the lethal action of penicillin is not being 
investigated and although it is. hoped that the interaction between penicillin 
and th~ peptidoglycan transpepiidases that are the lethal t~rgets is similar, 
it is possible that the nature of the interaction is completely different. 

A summary of some of the properties of the purified DD-carboxypeptidases 
' ,; is shown in Table 1.3. The molecular weights of all the proteins fall within 

the range 30000-53000 and all contain a single polypeptide chain. Whilst 
it is not possible to compare the reported K values for each of ~he enzymes m 
directly, as they were assayed under different conditions and for some 
enzymes, with different substrates, it is clear that the variation in K is 

m not great, with most enzymes having a K of approximately 1mM. m The sensit-
ivity of the enzymes to benzylpenicillin (and to other ~-lactam antibitoics) '"! 

differs markedly, with a 10000 fold difference in the concentrations of 
benzylpenic~llin needed to inhibit DD-carboxypeptidase 1A of E. coli and the 
exocellular enzyme of Actinomadura R39. 

DD-carboxypeptidase activity towards the substrate UDP-MurNAc-L-Ala-D- Glu
(msA pm- D- Ala-D- Ala) has been found to be stimulated by divalent cations 
-2 



Table 1.3 Properties of the purified DD-carboxypeptidases. 

Organism Molecular K pH Sensitivity to 
weight 

m 
optimum benzylpenicillin (mM) 

ID50 (µM) K. (µM) 
1 

B. subtilis 
1 

50000 o.6a 5.5 nd 1.6 

B. stearothermophilus 
2 

45000 1.4a 5-6 0.5 0.2 

B. coa9ulans 3 29500 2.5a 4.9 3.4 1.1 

E. 1 ·4 co 1 
DD-cp'ase 1A 32/34000 4 .2a >8 220 nd 
DD-cp 1ase 1B 41000 1a >8 0.3 nd 

s. t h" · 5 yp 1mur1um 
DD-cp'ase 1A (PBP5) 38000 nd >9 0.5 nd 
DD-cp 1ase 1B (PBP4) 52000 nd 8 0.05 nd 

P. mirabilis (L-form) 
6 

43000 0.62a nd o.6 1 

R
39

7,8,9 
.. 

Actinomadura 53000 o.8b 7-10 0.014 0.01 

Streptomrces R618,9, 10 38000 12b 5-6 0.14 0.075 

Notes ,,, 

10
50 

concentration of benzylpenicillin needed to reduce enzyme activity by 50% 

K - K. value determined from a double reciprocal plot. i - 1 
a 
Substrate= UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) 

b -2 . 
Substrate Ac -L-Lys-D-Ala~D-Ala 

2 1
Unbreit and Strominger (1973a) 

2 
Yocum, Blumnerg and Strominger (1974) 

3McArthur (1976) 
4 . 

Tamura, Imae and Strominger (1976) 
5shepherd, Chase and Reynolds (1977) 
6

.Ma.rtin, Schilf and Ma.skos (1976) 
7Leyh-Boui .lle et al (1972) 
8 --
Ghuysen et -~ (1972) 

9Frere .!:.!_ ~ ( 1974c) 
10

Leyh-Bouille .!:.!_ ~ (1971) 

·; 
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2+ 2+ 2+ 2+ 2+ . . 
(eg. Mg , Mn , Zn , Co , Pb ) (Umbreit and Strominger, 197J~;Shepherd, Chase and Reynold&, 1977; McArthur, 1976). The cation is required in 

quantities equivalent to the amount . of substrate present and it is a possibility that the only function of the metal ion is to neutralize the negative charges on the phosphate groups in the UDP moeity. Indeed, DD-carboxypeptidases assayed with substrates not containing UDP are not stimu~ed by divalent cations (Rasmussen and Strominger, 1978). The pH optima of the DD-carboxy-peptidases vary, but in general, the optima of the enzymes from Bacillus are low (pH 5-6) whereas those from Gram-negative organisms are higher (pH 8-10). The protein chemistry of the purified DD-carboxypeptidases has only been studied in detail for the exocellular enzymes from Streptomyces R61 and 
Actinomadura RJ9 (Frere et~, 1974c). The amino acid composition of the enzyme from~- subtilis has be~n determined (Umbreit and Strominger, 1973a) but the validity of this deter,mination has been questioned (Frere et~. 1974G as the total amount of amino acids found in hydrolysates represented only 

' > 0.2% of the nominal amount of protein used. 

The complex formed between penicillin and DD-carboxypeptidases is not broken down when the enzyme is denatured, suggesting that there is a covalent bond formed between penicillin and the enzyme. Treatment with sodium dodecylsulphate at 100°c, 8M urea or 6M guanidine hydrochloride did not cause release of bound penicillin from the enzyme purified from ~- ~stearothermophilus 
(Blumberg et~. 1974). The covalent complex formed with the enzyme from ~- subtilis could be broken down by treatment with hydroxylamine or ethane-
thiol to yield penicilloyl-hydroxamate and ~-ethylthiopenicilloate 

r~ectively . The formation of these derivatives suggests that penicillin was covalently bound to the enzyme via a linkage between the acyl group of the 
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hydrolysed ~-lactam ring and a residue in the enzyme. 

Various DD-carboxypeptidases show kinetics of inhibition by ~-lactam. 

antibiotics that are characteristic of classical competitive reversible 

inhibition as judged by linear Lineweaver-Burke and Dixon plots (Frere~~' 

1974b; Yocum, Blumberg and Strominger, 1974; Fuad et ~, 1976). This type of 

reaction kinetics would not be eXPected for a system in which a covalent bond 

was formed between an inhibitor and an enzyme. This anomaly was resolved 

by the discovery that the isolated complexes between DD-carboxypeptidases 

and penicillins break down with the concomitant recovery of DD-carboxypeptidase 

activity. In Streptomyces R61, Actinomadura R39 and~- stearothermophilus 

the release of bound penicillin from the purified enzyme has been shown to 

parallel the reactivation of the enzyme (Frere et~, 1974a; Blumberg et~' 

1974). · The half-life of the penicillin-enzyme complex depends on the deriv

ative of penicillin, the temperature and the source of the enzyme (see Table 

1-4). 0 . Values at 37 C for the half-life of the complex with benzylpenicillin 

range from 3 min for the DD-carboxypeptid~se of Proteµs mirabilis (Martin, 

Schilf and Maskos, 1976) to 3 days for the exocellular . enzyme from·Actino

madura R39 (Frere!:.!:.~. 1974a). 

Frere, Ghuysen and Perkins (1975) have shown that the interaction 

between the exocellular DD-carboxypeptidase of Streptomyces R61 and ~-lactam 

antibiotics is a multistep process involving the formation of a rather stable 

penicillin-enzyme complex. They showed that the kinetics for the mechanism 
., 

of interaction could give rise to linear double-reciprocal plots that would 

nor,mally be expected to be symptomatic of reversible competitive inhibition. 

The attainment of linearity depends on the relative values of the rate constants 

for each stage of the reaction. The simplest model that fits the d~ta 

obtained on .the interaction of ~-lactams with the exocellular DD-carboxy

peptidases is shown in Fig. 1.13 (Frere, Ghuysen and Iwatsubo, 1975). In 



Table 1.4 Stability of complexes formed between DD-carboxypeptidases and 

~~ lactam antibiotics. 

Crganism ~-lactam 

B. stearothermophilus
1 

Benzylpenicillin 
Benzylpenicillin 

B. subtilis 1 
Benzylpenicillin 
6-aminopenicillanic acid 

2 
S. typhimurium 
DD-cp 1ase 1A (PBP5) 
DD-cp 1ase 1B (PBP4) 

P · b"l" J • mira 1 is 

' 1 · 4 S ~ faecae 1 s · 
Tmembrane-bound) 

Aciinomadura R395 

Streptomyces R615 

Notes 
1 
Blumberg et ~ ( 1974) 

Benzylpenicillin 
Benzylpenicillin 

Benzylpe.nicillin 
Penicillin V 
AmpiciL!.in 
Carbenicillin 

. 
Benzylpeni ci l lin 
Ampicillin 
Carbenicillin 
Phenoxymethylpenicillin 
Oxacillin 
Cloxaci llin 
Methicillin 

Benzylpeni cil lin 
Ampicillin 
Carbenicillin 
Cephaloglycine 
Cephalosporin C 

Benzylpenicillin 
Ampicillin 
Carbenicillin 
Cephaloglycine 
Cephalosporin C 

,,, 

2 
Shepherd, Chase and Reynolds (1977) 

3Martin, Schilf and Maskos (1976) 

4Coyette !:.!_ ~ ( 1977) 
5Ghuysen (1977b). 

"f 

Temp 
oc 

37 
55 

37 
37 

37 
37 

JO 
JO 
jo 
JO 

37 
37 
37 
37 
37 
37 
37 

37 
37 
37 
37 
37 

37 
37 
37 
37 
37 

Half-life 
min 

60 
10 

200 
27 

5 
90 

5 
3 
7 

19 

263 
820 
310 
130 
50 

205 
183 

4100 
2600 
2125 

14000 
40000 

80 
80 
80 

3700 
11200 



K 
E+I-,-> El*-k-4 .... >E + X 

Fig. 1.13 Model of the i .nteraction of penicillins with DD-carboxypeptidases. 

Penicillin (I) interacts with the enzyme (E) to form a reversible 

non-covalent complex (EI). This complex then isomerizes to form a covalent 

complex (EI*). This complex subsequently breaks down to reform the 

active enzyme (E) and the degradation product(s) of penicillin (X) . 
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this model, penicillin interacts with the enzyme in a reversible manner to 

form a non-covalent complex EI (characterized by a dissociation constant, K) 

which subsequently isomerizes in a step characterized by a first order 

rate constant (k
3

) to form a covalent complex EI*. This covalent complex 

can then break down to yield reactivated enzyme and degradation products. 

This step is also a first order reaction with rate constant k
4

. The overall 

formation of the complex EI* is characterized by a second order rate constant 

(k . = k /K) The values of these constants have been measured for a formation 3 • 

range of ~-lactams for the exocellular enzymes from Streptomyces R61 and 

Actinomadura RJ9 (see Ghuysen, 1977a). 

It has been claimed (Ghuysen, 1977a) that the ~-lactams are acting as 

substrates for an inefficient ~-:tactam degrading enzyme, but by immobilizing 

the enzyme in -the form of EI* for some time they also behave as inhibitors. 

The higher the value of kf t· and the higher k
4

, the better the ~-lactam orma ion 

is as a substrate whereas the higher k . and the lower k
4

, the better formation 

the molecule is as an inhibitor. .,, 

The products released upon breakdown of the complexes between DD-carboxy-

peptidases and penicillins have been studied extensively. The identity of 

of these products depends on the derivative of penicillin used and the 

source of the enzyme • This topic is discussed in greater detail in Chapter 

10~ 

The identity of the amino acid in the DD-carboxypeptidases to which 
··, 

penicillin is hound has been the subject of much controversy over the last 

ten years. The alkali lability of the binding of penicillin to cells lea 

Schepartz and Johnson (1956) to suggest that there was an ester linkage between 

penicillin and its binding site (ie. penicillin was bound to a hydroxyl group 

in the protein). Subsequently, the bond was suggested to be a thioester link 
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because hydroxylamine and hydrogen peroxide caused release of bound penicillin 
from the binding cpmponents of~- subtilis under conditions when amide and 
ester linkages would not normally be expected to be cleaved (Lawrence and 
Strominger,1970; Suginaka~ Blumberg and Str ominger, 1972). Similarly, treat-
ment with mercaptoethanol also leads to release of bound penicillin which 
again suggests that the linkage may be via a thioester group. However, it 
is now apparent that the release of penicillin by hydroxylamine and mercapto-
ethanol is an enzymically catalysed reaction as it does not occur after 
denaturation by boiling or treatment with sodium dodecylsulphate. Thus 
release of penicillin by these reagents is not a simple chemical reaction and 
it is not possible to obtain any information about the nature of the link 
from these studies. 

Treatment with various thiol reagents has been reported to block the 
binding of penicillin and this observation has also been taken as indication 
that a sulphydryl group is important in the binding reaction (Lawrence and 
Strominger, 1970; Unbreit and Strominger, 197Ja). However, the concentrations > 
of thiol reagents used in these studies were up to 200 times the concentrations . 
sufficient to block reactive sulphydryl groups in other proteins (eg. glycer
aldehyde-J-phosphate dehydogenase). At the concentrations used in the above 
studies, these reagents are not specific for this one particular type 
of group. The purified DD-carboxypeptidase of B. subtil~ contains 4 
sulphydryl groups that are titratable with 5,5-dithiobis-(2-nitrobenzoic acid) 
and the binding of penicillin to this enzyme blocks the reaction of one of 
these sulphydryl groups with DTNB (Unbreit and Strominger, 197Ja). However, 
this data is not sufficient to prove that penicillin is bound to a sulphydryl 
group; all that is implied is that theremay be a sulphydryl group somewhere 
in the penicillin-binding site. 
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More recent work has involved the direct study of the linkage between 
penicillin and the DD-carboxypeptidases. As the bond between penicillin 
and a DD-carboxypeptidase is stable after denaturation, it has been possible 
to isolate penicilloyl-peptides after the treatment of denatured benzylpenic
illin-DD-carboxypeptidase complexes with proteolytic enzymes. Analysis of 
the amino acids present in these peptides has shown that the only amino acid 
to which benzylpenicillin could have bound was a serine residue. This work 
has been carried out on the purified exocellular DD-carboxypeptidase of 
Streptomyces R61 (Frere et~' 1976b) and the DD-carboxypeptidase of B. 
subtilis (Georgopapakou, Hammarstrom and Strominger, 1977). The finding that 
penicillin is bound to a serine residue would suggest that the linkage 
involves the formation of an est~r between the hydroxyl group on the side chain 
of. a serine residue and the carbonyl group of the opened ~-lactam ring. This 
proposal is in agreement with the earlier suggestion of Schepartz and Johnson, 
(1956). Frere~ al (1976b) have pointed out however, that penicillin may 
not be bound to a serine residue in the native comple~ and that transfer to 
this residue may only occur on denaturation of the complex. It is interesting 
to note that treatment of ±he enzyme from Streptomyces R61 with phenylmethyl
sulphonyl fluoride had no effect on the activity of the enzyme nor on its 
ability to bind penicillin (Frere et al, 1976b). DD-carboxypeptidases 
catalyse a protease reaction and if the residue at the active centre of the 
enzyme is a serine residue, then it might be expected that these enzymes 

'1 would have a similar mechanism to the serine proteases such as chymotrypsin, 
trpysin and elastase and yet these enzymes are rapidly inhibited by phenyl
acelylsulphonylfluoride (Gold, 1967). 

Attempts have been made to investigate whether the binding site for 
penicillin is the same as the substrate binding site by studying the kinetics 
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of the interaction between penicillin and the DD-carboxypeptidases in the 

presence of substrate. If the binding sites are the same, then competition 

between substrate and penicillin for binding to the enzyme would be expected, 

whereas if the binding sites were different, then it would be possible for 

a ternary complex between enzyme, substrate and penicillin to be formeQ 

(see Fig. 1.14). The kinetic equations for the models shown in Fig. 1.14 

have been derived by Frere, Ghuysen and Perkins (1975) and these authors have 

shown that the same double-reciprocal plots can be obtained whether the 

interaction is competitive (Fig. 1.14, model 1) or non-competitive (Fig. 1.14, 

model 2). Studies with the exocellular DD-carboxypeptidase of Streptomyces 

R61 have not enabled a choice to be made between a competitive or a non

competitive model (Frere, Ghuysen and Perkins, 1975). In order to reduce the 

complexity of the equations derived for these interactions, it is necessary 

to study the reactions in the ,steady state and to use conditions where the 

amount of penicillin present is very much greater than the amount of enzyme 

present. Such assumptions were made by Schilf et al (1978) to yield a 

simplified equation to which the experimental data on the kinetics of the 

interaction of pe~icillin with the DD-carboxypeptidase from the L-form of 

Proteus mirabilis were fitted. The agreement between the experimental data 

and the theoretical equation was analysed statistically with the aid of a 

computer program and the results led the authors to claim that the reaction 

fitted a non-competitive rather than a competitive model and that the 

substrate and penicillin binding sites of this enzyme were different. 

However, t~is conclusion should be treated with some caution as the actual 

experimental conditions used were not in accordance with the assumptions made. 

In particular, the assumption that the amount of penicillin present was 

greater than the amount of enzyme present was not obeyed and the amounts of 
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Fig. 1.14 Models of the interaction between DD-carboxypeptidases, substrates 

and @-lactam antibiotics. 

E = DD-carboxypeptidase; I= ~-lactam antibiotic; X = degradation product(s) 

of the ~-lactam; S = substrate; P = products of the enzyme reaction. 

Model 2 is the simplest of the possible non-compeptitive models. 

other models can be proposed in which substrate can interact with the EI* 

complex and the EIS complex can isomerize to form EIS* that can subsequently 

break down to ES and X. 
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penicillin used were comparable to or even less than the amount of enzyme 

present. Thus altlnugh the data fit the equation expected for a non-compet-

itive model, as they were not obtained under the same set of conditions, the 

apparent agreement should not be taken as evidence for separate binding sites. 

It will probably prove necessary to simulate the interaction of a penic

illin-sensitive enzyme with penicillin in the presence of substrate using a 

computer program. The kinetics of the interaction could then be predicted 

for a number of models without having to make any assumptions about the 

system being in the steady state or that the amount of any of the reactants 

is vastly greater than any of the others. These predictions could be 

compared with the actual experimental data in order to decide whether the 

ternary complex does exist. 

Barnett {1973) has sugge~ted that the substrate and penicillin binding 

sites of the membrane-bound i;>D-carboxypeptidase of~- stearothermophilus 

are different although the two sites could overlap. It appeared that storage 

- 0 
of membranes at -20 C resulted in the loss~of the ability of the enzyme to 

bind benzylpenicillin although full catalytic activity was retained. A 

r e-examination o f this phenomenon by Dr. P.E. Reynolds (personal communication) 

does not support the original conclusions and there is no evidence to suggest 

that the two binding si tes a r e diffe r ent . 

A more ~irect method for determining whether penicillin binds to the 

substrate bintling site is to compare the two binding sites using the standard 

' techniques of protein chemistry . As it is possible to isolate penicill oyl-

p ep t i des f;romDD-carboxypeptidases (Frere~ al , 1976b ; Georgopapakou , Hammar

str om a n d S tr?mi nger , 1977 ) , i t s houl d be possible t o find the sequence of 

t he amino acids around the residue to which the penicillin mol ecule is bound. 

Izaki, Ma.tsuhashi and Strominger (1966). hav.e postulated that the mechanism of 
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a DD-carboxypeptidase reaction involves the formation of a covalent enzyme

bound intermediate (see Fig. 1.12) and if it were possible to stabilize this 

intennediate, it might be possible to . isolate a peptide with this intermediate 

bound to it. Comparison of the sequence of this peptide with that to which 

penicillin is bound should resolve the question of whether the substrate bind-

ing siieand the penicillin binding site are the same. Rapid denaturation of 

the complex formed between [ 14 c] di-Ac-1.r-Lys-D-Ala-D-Ala and the purified 

transpeptidase/DD-carboxypeptidase from Staphylococcus aureus resulted in 

the trapping of a covalent diAc-1.r-Lys-D-Ala-enzyme complex that could be 

detected after dodecylsulphate/polyacrylamide gel electrophoresis by fluoro

graphy (Kozarich and Strominger, 1978). Rasmussen and Strominger (1978) have 

recently been able to isolate an acyl-DD-carboxypeptidase intermediate by 

incubating the purified enzym<i! from ~- subti lis with the depsipeptide 

[ 14C]diAc-Ir-Lys-D-Ala-D-Lac, a substrate from which the enzyme will hydrolyse 

the C-terminal D-lactyl residue. The acyl intermediate formed was stabilized 

by denaturation of the protein with aceton~ and the stoicheiometry of the 

complex was 0.4 mol of substrate bound per mol of protein. Preliminary studies 

have shown that the acyl group may be bound to the enzyme via an acyl linkage 

and the !ability of the intermediate under mildly alkaline conditions and its 

relative stability at low pH are characteristic of the linkage being a serine 

ester (Rasmussen and Strominger, 1978). The binding of penicillin to the 

enzyme was retarded in the presence of diAc-1.r-Lys-D-Ala-D-Lac suggesting that 
"1 

penicillin and the depsipeptide bind at the same or overlapping sites. 

Isolation ~nd sequencing of the acyl- and penicilloyl-peptides from the DD

carboxypeptidase of~- sul tilis may provide direct proof that penicillin 

acylates the active site. 
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1.11 Aims of the research described in this dissertation. 

The first objective of this research was to study the penicillin-binding 
proteins of Bacilli with particular emphasis on Bacillus megaterium. This 

organism has been used extensively in a study of the effect of a wide range 

, 

of ~-lactam antibiotics on the natural peptidoglycan transpeptidation reaction 
that can be readily assayed (Reynolds, 1971; Reynolds and Barnett, 1974). 

It was hoped that it would be possible to determine which of the PBPs (if 

any) catalysed this reaction and to investigate whether this PBP was also 

the one whose interaction with penicillins leads to the death of the cell. 

Previous studies on the purification of penicillin-binding proteins have 
been centered on those proteins that have DD-carboxypeptidase activity. None 
of these PBPs is thought to be the target of penicillin action and none of 
the other PBPs present in Baci,lli or in any other organism has beet purified. 
Hence another objective of this research was to purify the PBP that is the 

lethal target of peniculin. By purifying this PBP it should be possible to 

determine any enzymic activity that it possesses and to study the interaction 
of this protein with penicillins. 

Penicillins interact withl DD-carboxypeptidases to form covalent complexes 
that subsequently break down and it was wondered whether a similar inter-

action occurs with the PBPs whose inhibition by ~-lactam antibiotics leads 

to the death of the cell. If the rate of breakdown should be fast, then 

this penicillin- degrading activity could be an important consideration in the 
., 

clinical use of these antibiotics. An examination of the products released 

from this P.BP upon breakdown of its complex with penicillin might be expected 
to indicate whether the interaction of penicillin with this protein is 

similar to that with the DD-carboxypeptidases, a process that has already 

been studied in great detail . 



43 

Hence the overall aim of the project was to elucidate further the 

molecular basis of penicillin action by identifying, purifying and character

izing the penicillin-binding proteins in Bacilli whose interactions with 

penicillin result in the death of the cells. 

,,, 
I 
I 

t 
I 
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2. GENERAL METHCDS AND MATERIALS. 

2 .1 Crgani sms. 

The organisms used in this study were: 

Bacillus megaterium KM 

Bacillus licheniformis 6346 

Bacillus licheniformis 94 (Ward, 1974). This is a penicillinase-deficient 

mutant derived from one of the poorly lytic mutants, Lyt--3, previously 

isolated from B. licheniformis 6346 (Forsberg and Rogers, 1971). 

Bacillus subtilis NCTC 3610 

Bacillus cereus M8 

Bacillus stearothermophilus NCTO 10339 

Microcbccus luteus .• 

Staphylococcus aureus H 

Escherichia coli C600. This strain (the kind gift of Dr B. G. Spratt, 

Univ.ersity of Leicester), derived from,.,.!2_. coli K12, strain KN126, has an 

increased level of PBP1 by molecular cloning of the gene coding for this 

protein by incorporation of the plasmid pBS 2947 (from the Carbon-Clarke 

collection; Cell, .2_, 91-99, 19761 

2.2 Maintenance of cultures and growth of bacteria. 

2 • 2 • 1 Ba ci 11 :tAs spp. 
·; 

The organisms were maintained on nutrient agar plates which were incubated 

6 0 . . 0 for 1 hours at 37 C except for B. stearothermophilus which was grown at 55 C. 

0 After incubation, the plates were stored at 4 C. The organisms were sub-

cultured at weekly intervals and checked for purity by microscopic examination. 

New freeze-dried cultures were used at two-monthly intervals. 

The medium used for growth in liquid culture was similar to that described 
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by Nielson et al (1959). The composition was: 

1% Tryptone (Difeo Bacto) 

0.5% yeast extract (Difeo Bacto) 

0.25% K
2

HPo
4 

0.1% glucose. 

The pH value was adjusted to 7.2 and the glucose was sterilized separately. 
All the Bacilli grew well in this medium with a mean generation time of JO min 
or less ·• 

0 
For batch culture work, all incubations were carried out at 37 C (except 

for.!?_. stearothermophilus, which was grown at 55°c) with shaking at 180 rpm 
in a Gallenkamp orbital incubator. 250 ml of the above medium irt a 1 litre 
flask was inoculated with cul t 'ure from a nutrient agar plate and incubated 
overnight. The following morning, the bacteria were checked for purity 
microscopically, harvested and sufficient bacteria were taken to inoculate 
fresh, pre-warmed media at an initial density of 0.04 mg dry wt/ml. Exponen-.,, 
tial growth was attained within 45 min. For most experiments, cells were 
harvested in the late exponential phase of growth at a density of 0.4 mg dry 
wt/ml. 

Growth was followed turbidimetrically by the use of a Hilger 11Spekker 11 

absorptiometer with neutral filters. The instrument was calibrated so that 
the dry weight -0f bacteria per ml could be determined. 

Batches of cells were har vested by centrifugatron at 8500 rpm (12000 x _[ 
approx) for 2 min in a Sorvall RC-5 centrifuge (GS-J rotor). 

2.2.2 Micrococcus luteus 

The organism was maintained on nutrient agar plates as described in 
Section 2.2.1. The medium used for growth was: 
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5% Peptone (Difeo Bacto) 

0 .1% Yeast e xtract (Difeo Bacto) 

0.5% Na Cl. 

The pH was adjusted to 7.5. 250ml of the above mediwn in a 1 litre flask 

was inoculated with culture from a nutrient agar plate and incubated at 

37°c with shaking at 200 rpm in a Gallenkamp orbital incubator. The culture 

was checked microscopically for purity and used to inoculate fresh pre-warmed 

media at an initial density of 0.05 mg dry wt/ml. The mean generation time 

of M. luteus under these conditions was 60 min and the organisms were harves-

ted by centrifµgat i on as descr ibed i n 2.2.1 when the culture had reached a 

density of 0.6 .mg dry wt/ml. 

2 ~2.J Staphylococcus aureus 

The organism was maintai~ed on n u trient agar plates as described in 

Section 2.2 . 1 . The mediwn used for growth was : 

0.2% NH
4 

Cl 

o . 6% Na
2

HPo
4 

O.J% NaCl 

O. J % ' KH~to
4 

0 . 0 1% MgC1
2

.6H
2

0 

0 . 015% Na S O 2 _4 
1% Peptone (Dife o Bac to ) 

0.0 1% Yeast extract (Difeo Bac to). 

.- ,, 

' l 

The pH was . adjusted to 7.0. The organism was grown at 37°c as described in 

Section 2.2.1 and had a mean generation time of 25 min. Cells were harvested 

in the exponential phase of growth at a density of 0.6 mg dry wt/ml. 
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2.2.4 Escherichia coli 

E.coli was grown in the same medium and under the same conditions as 

described in Section 2.2.1. The me.an generation time was 20 min and growth 

was followed by measuring the optical density at 600 nm in a Unicam SP500 

Spectrophotometer. The organism was harvested in the exponential phase of 

growth at a density of 0.5 mg dry wt/ml. 

2.3 Preparation of membranes. 

2.3.1 Bacilli 

Membranes of Bacilli were prepared in a manner similar to that described 

by Barnett (1973) for B. stearothermophilus. Harvested cells were washed in 

0.05M Tris-HCl, pH 7.2 and resuspended in the same buffer at a density of 

• 10 mg dry wt/ml. Lysozyme was added to a final concentration of 250µg/ml 

and the cells were incubated•at 37°c. Lysis of the cells was followed 

microscopically and was often 99% complete within 10 min. When lysis was 
,., 

not complete after this period, sonication was used to cause cell breakage . 

Using a Dawes 11 Soniprobe 11 , periods of 30 s sonication separated by intervals 

of 30 s were repeated until more than 90% of the cells had been broken. 

Unbroken cells were removed by centrifugation at 10000 x .ll for 10 min and 

membranes were collected by centrifugation at 50000 x .ll for 20 min at 4°c. 

Membranes were washed twice in ice-cold 0.05M Tris-HCl, 5mM MgC1
2

, pH 7.2 and 

finally resuspended in the same buffer at a density of 10 mg protein/ml as 
"f 

measured by the Folin protein assay (Section 2.7) and stored at -30°c. 

2.3.2 Micrococcus luteus 

Membranes of M. luteus were prepared as described for Bacilli :in Section 

2.3.1. 
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2.3.3 Staphylococcus aureus 

Harvested cells of s. aureus were resuspended in 10mM Tris-HCl, JOmM 

NaCl, pH 7.5 at a density of JO mg dry wt/ml; lysostaphin was added to a 

final concentration of 10µg/ml and the cells were incubated at 37°c. Lysis 

of the cells was followed microscopically and was complete after 45 min 

incubation. DNase -'(2µg/ml) and MgCl (5mM) were added and incubation 
2 

continued for a further 10 min. Cytoplasmic membranes were collected and 

washed as described in Section 2.3.1. 

2.3.4 Escherichia coli 

Harvested cells of E. coli were converted to the spheroplast form 

according to the method described by Osborn!:!~ (1972) and the spheroplasts 

were lysed by rapid freezing ,in a bath of solid CO /acetone followed by 2 

thawing at 37°c. Suspensions of lysed protoplasts were centrifuged at 4°C 

for 20 min at 50000 x ..[ to collect the total membrane fraction which was 

washed twice and resuspended in 50mM Tris~HCl, 1mM,EDTA, pH 8.7, at a 

protein concentration of approximately 10 mg/ml. 

2.4 Estimation of D-alanine. 

D-alanine was estimated using a method adapted from that of Johnson!:! 

il (1975), ~ith the modifications that the water soluble O-dianisidine sul-

phate was used, allowing methanol to be omitted from the procedure and the 

"I reactions were terminated by the addition of 4 vol. of 0.25% sodium dodecyl -

sulphat~ • . These modifications and the reproducibility of the assay system 
. I 

have be~~ fully described by McArthur (1976). 
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2.5 Covalent affinity chromatography. 

Covalent affinity chromatography was performed using ampicillin-affinose 

prepared from Affi-Gel 202 (Bio-Rad labo~atories) to which ampicillin had 

been coupled by the method described by Pollock et al (1974). For all 

experiments, a 4cm x 1cm column of ampicillin-affinose was used and the 

affinity resin was equilibrated against 10mM sodium cacodylate/HCl, pH 6.0 

containing 0.1% Genapol X-100. The material to be chromatographed was incub

ated with the ampicillin-affinose for 10 min at 37°c after which the column 

was poured. Proteins that were not covalently bound to the column were 

removed by washing at 4°C with 50 ml of 1M NaCl in SOmM Tris-HCl, pH 8.8 

(flow rate=150 m'l/hr). Proteins that were bound coval_ently to the ampicillin-
. 

affinose were eluted by incubation of the affinity resin with successive 

2ml aliquots of neutralized 1M .'hydroxylaniine hydrochloride in O. SM Tris

HCl, 0 .1% Genapol X-100, pH 8 .,8 . Hydroxylamine was removed by dialysis at 

4°c against 2 x 5 1 of 25mM Tris-HCl, pH 8.o. 

2.6 Dodecylsulphate/polyac.rylamide gel electrophoresis. 

Discontinuous electrophoresis in polyacrylamide slab gels containing 

sodium dodecylsulp:frte was carried out essentially as described by Laemmli 

and Favre (1973), but at a constant voltage of 100V until the samples had 

penetrated the stacking gel, and thereafter at a constant voltage of 450V 

with cooling of the apparatus. The composition of the running gel (15cm x .. 
15cm x 2mm) was 10% (w/v) acrylamide and 0.13% (w/v) methylene bisacrylamide 

with each gel topped by a 1cm layer of stacking gel. Gels were stained with 

Coomassie brilliant blue according to Fairbanks, Steck and Wallach (1971) 

and destained in 10% acetic acid. In order to detect the radioactive bands 

wi& in the gels, · the gels were prepared for fluor'.)·graphy by impregnation ~the 

, 
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scintillant 2,5-diphenyloxazole as described by Bonner and lasky (1974) and 

Lasky and Mills (1975) . Fuji RX X-ray film was substituted for Kodak RP 

Royal X-Onat as the latter is no longer available. In order to be able to 

relate accurately the image densities obtained on the X-ray film to the amount 

of radioactivity in the gel, the X- ray film was sensitized by controlled 

partial pre-fogging (Lasky and Mills, 1975). The exposure time for fluoro-

graphy was normally 10 days. 

Samples were prepared for assay of penicillin-binding proteins by 

dodecylsulphate/polyacrylamide gel electrophoresis as follows: 

Samples of volume greater than 50µ1 or those containing Genapol X-100 

(whi eh interferes with the running of the gel) were incubated with [ 14 C] ben-

0 zylpenicillin at 15µg/ml for 10 min at 37 C followed by the addition of 

[
12

c]benzylpenicillin (10mg/ml) and 4 volumes . of acetone to precipitate the 

protein. The samples were stored at -J0°C for 20 min and the precipitate 

was collected by centrifugation at 10000 x ..[ for 20 min, dried in vacuo, 

and redissolved by boiling for 2 min in a,,solution containing 10% glycerol, 

1% sodium dodecylsulphate, 1% 2-mercaptoethanol, 0.002% bromophenol blue in 

10nM Tris-HCl, pH 7.2. 

lklless otherwise stated, samples of volume 50µ1 or less, were incubated 

with [ 14 c]benzylpenicillin (15µg/ml) for 10 min at 37°c followed by addition 

of [ 12
c] benzylpenicillin to terminate the binding of radioactive benzyl

penicillin (10 mg/ml). 0.2 volumes of dissolving buffer containing the 
·1 

same reagents as described above but .at five times the previous concentrations 

was then added and the samples boiled for 2 min. 

2.6.1 Reduction in the degree of cross-linking of polyac:rylamide. 

In an attempt to increase the resolution of the penicillin-binding 



proteins~Gram-negative bacteria, in some experiments the composition of 

the running gel was altered to 10% (w/v) acrylamide and 0.068% (w/v) methyl

ene bisacrylamide as described by Spratt, Jobanputra and Schwarz (1977). The 

source of sodiwn dodecylsulphate used in these experiments was Sigma Chemical 

Company rather than British Drug Houses as the purity of this reagent is 

important in the resolution of some PBPs (B.G. Spratt, personal ~ommunication). 

2.7 Estimation of protein. 

Protein was estimated by the method of Lowry et al (1951) using bovine 

serwn albumin as standard. In order to solubilize membraneous material and 

to prevent precipitation in the presence of Genapol X-100, 1% sodi wn 

dodecylsulphate was added to all stock solutions (Yocwn, Blwnberg and 

Strominger, 1974). 

2.8 High-voltage paper electrophoresis. 
,,. 

Samples were applied to Whatman JMM paper and were subjected to high-

voltage electrophoresis at 60 V/cm in pyridine:acetic acid:water; 100:J:897, 

pH 6 . 5 . · 

2.9 Liquid scintillation counting. 

The distribution of radioactivity on paper electrophoretograms was 

determined by· either cutting the paper into 10 x ~Omm strips or by locating 

the radioactive areas by autoradiography (Section 2.11) followed by 

cutting ou.t of these areas. The pieces of paper were placed in plastic 

scintillation yials and 1 ml of 2 ,5-bis[2- (5-.!!:!:.!.-butylbenzoxazolyl )]-thio

phene (4mg/ml in toluene) added. 

In order to measure the radioactivity present in aqueous solutions 
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9 parts of 2,5-bis-[2-(5-tert-butylbenzoxazolyl)]-thiophene (4mg/ml in 

toluene:Triton X-100 (2:1 v/v))was added. Samples with a volume less than 

O.J ml were made up to this volume by addition of water before adding the 

scintillation fluid. 

2.10 Thin-layer chromatography. 

Thin-layer chromatography was carried out on glass plates (20cm x 20 cm x 

Jmm) coated with a 0.25mm layer of Kieselgel G nach Stahl (Typ 60) (E. Merck 

laboratory Chemicals). 

2.11 Autoradiography, 

The position of radioactiv.e compounds on chromatograms and electro-

phoretograms was determined by Placing the paper or plate in contact with 

X-ray film (Kodak Blue Brand) fn the dark for a suitable period of time. 

Thin-layer chromatography plates were covered carefully with a layer of 

clear plastic film food wrap to protect the"silica gel from disturbance, 

before being exposed to the X-ray film. The film was developed in Ilford 

Contrast FF developer and fixed in Kodafix fixer. 

2.12 Preparation of substrates. 

UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) was prepared according to - -2 

the method described by Barnett (1973). 

14 L-Ala-D-Glu-(ms[1,7 C]A pm-D-Ala-D-Ala)and MurNAc-L-Ala-D-Glu-(ms[1,7-
- 2 

14 c]A
2

pm-D-Ala-D-Ala) were prepared by the methods described by Martin, 

Schilf and Maskos (1976), with the exception that the final purification 

steps were achieved by adsorption to DEAE-cellulose (Whatman DE-52) and 

elution with a gradient of ammonium bicarbonate which was subsequently removed 

by freeze-drying. 
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"Nascent" peptidoglycan used in the model transpeptidation reaction 

described in Section 9.3 was isolated as described by Tynecka and Ward 

(1975). This material is excreted into the medium by cells of B. licheni

formis 94 when synthesizing peptidoglycan in the presence of benzylpenicillin. 

c1
4c]-iabelled nascent peptidoglycan was prepared by inclusion of [ 14

cJ-~

acetylglucosamine (specific activity 0.4 Ci/mol) in the "cell-wall synthes-

izing" medium. 

2.13 Radiochemicals. 

[ 14 c] benzylpenicillin potassium was obtained from the Radiochemical 

Centre, Amersham at a specific activity of 51-54 Ci/mol. It was dissolved 

in sterile, de-ionized water to 'give a solution of 5oµCi/ml (0.35 mg/ml; 

0.92 mM) and split into 10 x 0.1 ml samples which were stored at -30°C. 

The purity of the labelled benzylpenicillin was checked at intervals by , . 

thin-layer chromatography followed by autoradiography. 

- [ 35s]benzylpenicillin sodium was the ki-nd gift of. Dr A.A.W. Long of 

Beecham Research Laboratories. The specific activity was 18.5 Ci/mol on 

14 November 1975 and was dissolved in water at o.35mg/ml and stored as desc-

ribed above. 

~ . ~ [ C]-N-acetylglucosamine was synthesized by acetyla tion of [ C] glucos-, -
amine obtained from the Radiochemical Centre, Amersham. 2,6-diamino-[1,7-

14c] pimelic aci~ was purchased from the Radiochemical Centre, Amersham. 
·1 

2.14 Materials 

All chemicals were of 11AnalaR11 grade whenever possible. The sources of 

materials used in this work are given in Table 2.1. 



Table 2.1 Sources of materials. 

Material Source 

(a) Enzymes 

Lysozyme 

Lysostaphin 

~-lactamase (Neutrapen) 

Deoxyribonuclease 1 

D-amino•acid oxidase 

(b) Antibiotics 

Benzylpenicillin (Crystapen) 

Ampicillin (Penbriten) 

Cephal.othin (Keflin) 

Cephaloridine (Ceporin) 

Methicillin (Celbenin) 

Cefoxitin 

6-aminopenicillanic acid 

(c) Detergents 

Sodium dodecylsulphate 

Genapol X-100 

Triton X-100 · 

Cetyltrimethylammoniumbromide 

(d) Miscellaneous 

D-alanine . 

2,5-bis-[2-(5-tert-butyl
benzoxazolyl)]-thiophene 

Bovine serum albumin 

DEAE-Sepharose CL-6B 

Sigma Chemical Co. 

Sigma Chemical Co. 

Riker Laboratories. 

Miles Laboratories. 

Boehringer Corporation. 

Glaxo Laboratories. 

Beecham Research Laboratories. 

Eli Lilly and Co. 

Glaxo Laboratories. 

Beecham Research Laboratories. 

Merck~ Sharp and. Dahme Research Laborat. 

Beecham Research Laboratories. 

BDH Chemicals and Sigma Chemical Co. 

Farbwerke Hoeschst AG. 

BDH Chemicals. 

BDH Chemicals. 
'1 

BDH Chemicals. 

CIBA Ltd. 

Armour Pharmaceuticals. 

Pharmacia Ltd. 



Table 2 . 1 (continued) 

Mat erial 

2 , 5-diphenyloxazole 

Folin-Ciocalteu reagent 

1- ethyl- J - (J - dime thylamino
propyl)-carbodiimide 

Flavin adenine dinucleotide 

~-dianisidine sulphate 

2-mercaptoethanol 

Sephadex G-10 and G-25 

Silica Gel G 

Sodium cacodylate 

Trizma base (Tris) 

2-amino-2-methylpropa ne-1 , J - dio l 

Source 

International Enzynies. 

BDH Chemicals. 

Sigma Chemical Co. 

The Boehringer Corporation. 

The Boehringer Corporation. 

Eastman Kodak Co. 

Pharmacia Ltd. 

E. Merck A.G. 

BDH Chemicals. 

Sigma Chemical Co. 

BDH Chemicals Ltd . 

,,. 

, 



54 

3. THE PENICILLIN-BINDING PROTEINS CF BACILLI . 

3.1 Introduction. 

...., 
I 

The penicillin-binding proteins in the membranes of Bacillus si.Ibtilis, 
B. stearothermophilus and~- cereus have been investigated by separating the 
membrane proteins after treatment with [ 14

c]benzylpenicillin by dodecyl
sulphate/polyacrylamide gel electrophoresis. The PBPs were detected by 

measuring the radioactivity present in successive slices of the gel (Blumberg 
and Strominger, 1972a; Blumberg .£.!. ~, 1974). However, this method does not 
permit direct comparison of the profiles of penicillin-binding proteins 
in multiple samples as is possible by using slab gels and detecting the PBPs 
by fluorography (Spratt and Pardee, 1975; Spratt, 1975). The fluorographic 
method also enables greater re~olution of the PBPs than is possible by 
cutting gels into slices. 

Hence I decided to investigate the penicillin-binding proteins in a 
'~ number of members of the genus Bacillus and to study the interaction of these 

membrane-bound PBPs with peniculins. 

1.2 Comparison of the profiles of penicillin-binding proteins in various 

species of Bacilli. 

Cultures of cells of 5 different species of Bacillus were grown as 
described in Section 2.2.1 to the late exponential phase of growth and 

' membranes were prepared (section 2.3.1). Samples of membranes from each 

org'.1nism -were ~ncubated with [ 14
c] benzylpenicillin followed by fractionation 

of ithe membrane proteins by dodecylsulphate/polyacrylamide gel electrophor-
esi~; the protein profiles obtained after staining with Coomassie brilliant 
blue are shown in Fig. J.1a. The profiles of proteins differed substantially 

from strain to stra in and the profile from B. cereus was particularly 



Fig. 3.1 Comparison of the PBPs of Gram-positive bacteria. 

Membranes were prepared from cells of five species of Bacilli harvested 

in the late exponential phase of growth as described in Section 2.3.1. 

50µ1 samples (500µ9 protein) were incubated with [ 14 c]benzylpenicillin 

0 
(15µ9/ml) for 10 min at 37 C. The samples were then prepared for dodecyl-

sulphate/polyacrylamide gel electrophoresis as described in Section 2.6. 

A. Bacillus megaterium 

B. Bacillus subtilis 

C. Bacillus licheniformis 94 

D. Bacillus stearothermophilus 

E. Bacillus cereus 

Samples of membranes of two other Gram-positive organisms were included for 

comparison. Membranes were prepared as described in Sections 2.3.2 and 2.3.3 

and 50µ1 samples were treated with [ 14c] benzylp·emicillin as described above • . 

F. Micrococcus luteus 

G. Staphylococcus aureus 

(a) Proteins as revealed by staining with Coomassie q~illiant blue. 

(b) Penicillin-binding proteins as detected by fluorography. 
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unusual , as it showed the presence of large amounts of a protein of apparent 

molecular weight 100000 in the membranes of this organism. In order to 

detect the pro teins that had bound [ 
1
4C]benzylpenicillin, the gel was 

subjected to fluorography. Each band on the fluorogram (Fig. 3.1b) indicates 

the presence of a penicillin-binding protein (PBP). 

There was some similarity among the profiles of the PBPs in the various 

Bacilli that were examined, although the number of PBPs found and their 

molecular weigh~s differed (see Table 3.1 for a summary of the results). 

Che similarity among the profiles was that all the species had a PBP with 

apparent molecular of 122000-123000 and one with a molecular weight of 

about 83000. B. megaterium, ~- licheniformis, B. cereus and B. stearothermo

philus all contained a PBP of molecular weight 45000 (the PBP with the lowest 

molecular weight in each species),' al though the corresponding protein from 

~- subtilis had a molecular weight of 50000 which is the same as the value 

found previously by Blumherg and Strominger (1972a). The profile of the 
,,. 

PBPs of B. subtilis was similar to that found .by Buchanan and Strominger 

(1976) and the presence of 3 PBPs in B. cereus has also been reported by 

Blumberg and Strominger (1972a). The higher resolution possible with the 

fluorographic technique showed the presence of 4-5 PBPs in B. stearothermo

philus; previous studies (Yocum, Blumberg a nd Strominger, 1974) had only 

resolved 3 PBPs in this organism~ 

In order to compare the profiles of the PBPs in Bacilli with those of 

othe r Gram-positive bacteria, samples of membranes of Micrococcus luteus 

and Staphylococcus aureus were also prepared and the penicillin-binding 

proteins examined (Fig. 3.1). The profiles obtained were substantially diff

erent to those found in the Bacilli and the profiles of M. luteus and s. 

aureus differed greatly from each other. Particular differences noted were 

that neither of the cocci had a PBP with a molecular weight higher than 

1 1 

I' 



Table 3.1 The PBPs in various Gram-positive bacteria. 

Crganism 

~- .megaterium 

B. subtilis 

B. licheniformis 94 

B. stearothermophilus 

B. cereus 

M. luteus 

s. aureus 

PBP 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 

1 
2 
3 
4 
5 

1 
2 
3 

1 
2 
3 

1 

Apparent 
Molecular weighta 

123000 
94000 
83000 
70000 
45000 

122000 
95000 
88000 
82000 
50000 

123000 
89000 
83000 
46000 

123000 1 110000 
85000 1 82000 
450J)O 

123000 
85000 
45000 

108000 
85000 

' 60000 

95000 
2(doublet) 84000 •; 
3 45000 

14 
Binding of b 

[ C] benzylpenicillin 
(% of total) 

31 
7 

16 
14 
32 

12 
5 
6 

26 
51 

18 
12 
3 

68 

17 

12 

71 

8 
29 
63 

41 
10 
49 

11 
81 

8 

aDetermined by comparison of the mobilities of the PBPs on dodecylsulphate/ 
polyacrylamide slab gels with those of proteins of known molecular weight. 
The proteins and their molecular weights that were used were: ~-galactosidase 
(130000), bpvine serum albumin (68000), glyceraldehyde-3-phosphate dehydro
genase (36000) and lysozyme (13900). 

bDetermined by densitometry of the fluorogram shown in Fig. 3.1. 



56 

110000, M. luteus contined no PBP with a molecular weight between 45000 and 

50000 and~- aureus contained only a small amount of a PBP with this molecula r 

weight . The profile of PBPs ~~- aureus is very similar to that reported 

recently by Kozarich and Strominger (1978) although the molecular weights 

assigned to PBP1 and PBP2 are higher (115000 and 100000) than the values 

reported here (95000 and 84000). 

The relative amounts of the PBPs in a particular profile were determined 

by densitometry of the fluorogram (Fig. 3.2). In all the Bacilli, the PBP 

of molecular weight 45000-50000 binds a major part of the total amount of 

[ 14c]benzylpenicillin bound to the membranes. PBP5 of B. subtilis binds 51%, 

PBPJ of!!.· cereus binds 63%. and PBP5 of!!_. stearothermophilus binds 71% of 

the total amount bound. PBP1 of B. megaterium binds a substantial amount 

of' [ 14 cJ benzylpenicillin (30% 'of the total amount bound) and this is the 

first reported example of a bacillus in which the amount of benzylpenicillin 

bound to any of the PBPs of higher molecular weight is comparable to the 
' ,; 

binding to the PBP of lowest molecular weight. As PBP1 of!!_. megaterium 

is shown later in this dissertation (Chapter 4) to be important in the 

lethal action of penicillin, the observation that it is present in relatively 

large amounts compared to the other PBPs i s usefu l for stu dies of i ts 

pu r ificati on. 

In order t o_ deter mi n e the relative mo lar amounts of the peni c i l l in

binding proteins in a n o r gan ism, it is necessary t q know t he stoi cheiometry 

of the bindi ng between [ 14
c]benzylpenicillin and the PBP . Studies wi th the 

isolate d P~Ps .of B. s ub t i li s (Blumberg , 1974) have shown that the stoi ch

eiometry o f bind i n g is approximately 1 mol of penicillin bound per mol o f 

protein for PBPs 1, 2, 4 and 5 and 1:1 binding has been assumed by Spratt 

for the binding of benzylpenicillin to the PBPs of~- coli (Spratt, 1977a)~ 

If a similar assumption is made for the PBPs in the organisms used in the 



Fig. J.2 Quantitization of fluorogram by microdensitometry. 

A track of the membrane-bound PBPs of~- megaterium on a fluorogram 

of a gel prepared as described in Fig. J.1 was scanned with a Joyce-Loebl 

Mk Ille microdensitometer and the trace shown was obtained. The relative 

areas of the peaks were determined by cutting them out of the trace and 

weighing them. 
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present study, the relative molar amounts of the PBPs will be the same as 

the relative amounts of [
1
4C]benzylpenicillin bound to each of the PBPs. 

The concentration of [
1
4C]benzylpenicillin used to label the PBPs (15µ9/ml) 

was sufficient to saturate all the PBPs in the bacteria used. 

No penicillin-binding proteins have been found in the cytoplasm of any 

of the Bacilli used in this study. 

3.2 Validity of the fluorographic method for the detection of penicillin

binding proteins. 

The technique used for examining the PBPs of an organism requires that 

the complexes formed between [ 14C]benzylpenicillin and the PBPs are stable 

and do not break down at any s .tage of the procedure. The samples of membranes 

are denatured before electrop~oresis by boiling in 1% sodium dodecylsulphate 

and this procedure would be yxpected to result in the breakdown of any 

non-covalent complexes formed between benzylpenicillin and the membranes. 

The complexes also have to be stable under"the condi~ions used for electro

phoresis, staining and destaining of the gel and the preparation of the gel 

for fluorography. In order to determine whether the amount of radioactivity 

that is bound by the membranes when treated with [
1
4C]benzylpenicillin can 

be recovered as benzylpenicillin-PBP complexes after dodecylsulphate/poly

acrylamide gel electrophoresis, the following experiment was performed. 

The amount'of benzylpenicillin that binds to the membranes of B. megaterium 

was determined by the isolation of benzylpenicillin-membrane complexes as 

described in Fig. 3.3. The amount of radioactivity present in 50µ1 samples 

of the isolated complex was 2390 dpm which is equivalent to 21 pmol of benzyl

penicillin (specific activity= 51 Ci/mol). Hence the capacity of the memb

ranes to bind [ 14c]benzylpenicillin is 42 -pmol per mg membrane protein, a 

value very similar to that reported by Blumberg~~ (1974) for the binding 



Fig. 3.3 Direct determination of the binding of [
1
4C]benzylpenicillin to 

the PBPs of B. megaterium. 

5ml of membranes of~· megaterium (10 mg protein/ml) were incubated with 

[ 14c]benzylpenicillin at 10µg/ml for 10min at 37°c. The membranes were 

sedimented by centrifugation at 50000 x .2. for 20 min at 4°C, washed twice 

with ice-cold 50 mM Tris-HCl, 5mM MgC1
2

, pH 7.2 and resuspended in the 

same buffer at the original density of 10 mg protein/ml. 50µ1 samples were 

removed and added to 300µ1 of 1% sodium dodecylsulphate to solubilize the 

membranes and the samples were prepared for liquid scintillation counting 

as described in Section 2.9. 

2 sets of 50µ1 samples of the isolated [ 14c]benzylpenicillin-membrane 

complex were treated in one of the following ways: 

(a) The sample was added to 12µ1 of a solution containing 5% sodium 

dodecylsulphate, 50% glycerol, 0.01% bromophenol blue in 50mM Tris

HCI, pH 7.2 and boiled for 2 min. 

(b) The sample was treated as described i"n (a) but the solution also 

contained 5% (v/v) 2-mercaptoethanol. 

(c) The sample was added to 200µ1 of acetone and incubated at -20°c for 

20 min. The precipitate was collected by centrifugation, dried in 

vacuo and dissolved in 50µ1 of the solution described in (b) and 

boiled for 2 min. 

(d) The samp1e was incubated with [ 14 c]benzylpenicillin (10µg/ml) for 

10 min at 37°c before being treated as described in (b). 

The two se.ts of samples (a)- (d) were subjected to dodecylsulpha te/poly-

acrylamide gel electrophoresis as described i n Section 2.6 followed by 

staining and destaining of the gel. The gel was t hen divide d into two 

halves. Che half of the gel, containing one s et o f samples (a)-(d) was 

pre pa r e d for fluoro graphy (Section 2. 6 ) whe r eas the four track s on the 



Fig.J.J Continued 

other half of the gel were separated from each other. Each track was cut into 

2.5 mm slices and each slice was placed in a 5 ml plastic scintillation vial 

to which 1 ml of H
2

o
2 

(100 vol.) was added. 
0 

The vials were heated at 95 C 

until the gel had dissolved, cooled to 20°c and 3 ml of scintillation fluid 

{described in Section 2.9) was added to each vial. The efficiency of liquid 

scintillation counting was determined by preparing samples containing known 

amounts of radioactivity under the same conditions as described above. 

The figure shows the distributibn of radioactivity in a track of a 

sample prepared as described in method (b) above. Tracks prepared by the 

other methods gave similar results. 
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of [ 
1
4c] benzylpenicillin to the ~embranes of ~- stearothermophilus (40 ymol/ 

mg) and~- subtilis (46 rol/mg). 50µ1 samples of the isolated benzylpenici

llin-membranecomplex of~- megaterium were prepared for electrophoresis 

by four different methods as described in Fig. 3 .3. The profiles of the 

penicillin-binding proteins revealed by fluorography were identical for 

each of the four methods . The lack of difference in the profiles obtained 

with samples prepared with or without mercaptoethanol in the dissolving 

buffer indicates that this reagent does not cause release of bound benzyl-

penicillin under these conditions and that the mobilities of the PBPs are 

not altered by the cleavage of any disulphide bridges that might be present 

in these proteins. Blumberg and Strominger (1972a) omitted mercaptoethanol 

from the dissolving buffer used in their studies of the PBPs of B. subtilis 

because of the observation of .lllwrence and Strominger (1970) that mercapto-

ethanol causes release of bounp benzylpenicillin from the membranes of this 

organism . The r eason why mercaptoethanol did not cause release of bound 

benzylpenicillin in the present study was p~obably because of the denaturi n g 

conditions of the experiment (ie. boiling in 1% sodium dodecylsulphate). 

Hydroxylamine is reported not to release penicillin from denatured complexes 

(Blumberg et!:!:.!., 1974) although it releases penicillin from native complexes. 

Precipitation of benzylpenicillin-PBP complexes with acetone also has no 

effect on the profile of penicillin-binding proteins, indicating that this 

procedure can ·be used in the preparation of samples of large volume or 
·1 

containing non-ionic detergent without altering the subsequent profile of 

PBPs obtai~ed~ Reincubation of the isolated benzylpenicillin-membrane complex 

with [
1
4C]benzylpenicillin also had no effect on the profile of PBPs which 

suggests that none of the benzylpenicillin-PBP complexes had broken down 

during the isolation procedure. 
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In order to determine how much radioactivity could be recovered in the 

[ 14c] benzylpenicillin-PBP complexes , tracks of the slab gel were cut into 

slices and the radioactivity present in each slice was determined. A 

very similar profile of penicillin-binding proteins was obtained to that 

determined by densitometry of the fluorogram (Fig. J.'3) although it was nqt 

possible to resolve PBPs 2 and 3. The relative proportions of the amount of 

radioactivity bound to each PBP were very similar to those obtained by 

densitometry of the fluorogram (Table 3 •. 2), indicating that the latter method 

is valid for quantitating the relative amounts of benzylpenicillin-PBP compl-

exes. 

The total amount of radioactivity recovered in a track did not depend on 

the method by which the sample 'had been prepared and was typically of the 

order of 1400 dpm ie. 60% of the radioactivity present in the sample before 

electrophoresis. This rather' low recovery of radioactivity may be for 

pt! a number of reasons. Firstly, it is possible that the covalent complexes 
.. ,, 

formed between benzylpenicillin and the PBPs partially break down during 

the preparation of the samples for electrophoresis or during the subsequent · 
' 

procedures. Secondly, [ 14c]benzylpenicillin may be binding non-covalently 

to certain sites in the membrane. These non-covalent complexes may be stable 

-

enough to survive the procedure used for the isolation of the benzylpenicillin

membrane complex but will break down during the denaturatio.n process before 

electrophoresis and will not be detected as penici~lin-binding proteins. 

Attempts have been made previously to correct for the amount of non-specific 

binding of. ~-1actam antibiotics to membranes. Che method involves the 

measurement of the binding of the ~-lactam to a preparation of membranes 

that has been denatured by boiling (Suginaka, Blumberg and Strominger, 1972; 

Blumberg!:.,! al, 1974). However, this method may not be a suitable control 

as membrane structure will be comp.letely altered by boiling and this process 



Table 3.2 Comparison of the binding of [ 14 c]benzylpenicillin to the PBPs 

of B. megaterium determined by different methods. 

PBP 

1 

2 

3 

· 4 

5 

Relative bindinga 
Fluorographic method 

(o/o of total) 

31 

7 

16 

14 

32 

Total radioactivity bound 

aData taken from Table 3.1 

Ra 
. . . b dioactivity R l 

. . . b e ative binding 
bound to PBP Direct method 

(dpm) (o/o of total) 

360 26 

320 24 

190 14 

490 36 

1360 dpm 

,,, 
bRadioactivity bound to a PBP as determined by slicing a track of a polyacryl-

amide slab gel and measuring the radioactivity in each slice (see Fig. 

3.3 for details). It was not possible to resolve PBPs 2 and 3 by this method. 
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may destroy or create non-specific binding sites. A study of the binding 

of benzylpenicilloic acid to the membranes is also not a sufficient control 

as the non-specific binding to membranes of this molecule may be substantially 

different to that of benzylpenicillin. 

3 . 4 The relative affinities of the PBPs for @-lactam antibiotics. 

The affinities of the PBPs of various Bacilli for [
14

c]ben~~enicillin 

was determined by incubating membranes with different concentrations of the 

antibiotic followed by fracti onation of the membrane proteins by dodecyl

sulphate/polyacrylamide gel electrophoresis and the detection of the PBPs 

by fluorography (Figs. 3.4, 3.6, 3.7; Table 3.3). The affinity of a PBP 

for a ~-lactam antibiotic is m~a~ured as the concentration of antibiotic 

that results in a 50% saturati .bn of the PBP under the conditions specified . 

The higher the affinity of th~ PBP for a ~-lactam, the lower the concentration 

necessary to result in 50% saturati on. 

The affinities of the membrane-bound PBPs of~- megaterium differed 

substantially, with PBP1 having the highest and PBP5 the lowest affinity, 

while PBPs 2, 3 and 4 have similar intermediate affinities (Fig . 3 .4). In 

order to measure the affinities of the PBPs for ~-lactam antibiotics that 

are not available with a radioactive label, it is necessary to measure the 

binding of the unlabelled antibiotic to the [ 14C]benzylpenicillin-binding 

sites (Blumberg and Strominger; 1972a; Spratt, 1977a). In this method, 
t 

samples of membranes are preincubated with the non-radioactive ~-lactam 

followed by addition of saturating amounts of [ 14c]benzylpenicillin to label 

the sites that have not bound the non-radioactive ~-lactam. The method will 

not reveal the binding of the non-radioactive ~-lactam to proteins that do 

not bind [ 14 c] benzylpenicillin; however, work by Spratt ( 1977a) on the binding 

of [ 14c]cefoxitin and [ 1
4c]cephacetrile to the PBPs of E. coli did not reveal 



Fig. 3.4 Affinity of the membrane-bound PBPs of B. megaterium for benzyl-

penicillin a 

Flurogram showing the PBPs detected by fluorography after fractionation 

of the membranes by dodecylsulphate/polyacrylamide gel electrophoresis. 

50µ1 samples of membranes of~- megater ium (500 µg protein) were incubated 

with the indicated concentrations of [ 14 c] benzylpenicillin for 10 min at 37°c 

and then prepared for electrophoresis as described in Section 2.6. 
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Table 3.3 Affinities of PBPs for §-lactam antibiotics. 

Crganism 

B. megaterium 

B. subtilis 

PBP 

1 
2 

3 
4 
5 

1 
2 

3 
4 
5 

B. licheniformis 94 1 
2 

3 
4 

B. licheniformis 6346 1 
2 · 

3 
4 

Affinity for 
. . . a h 1 . . b benzylpen1c1ll1n cep a or1d1ne 

(µg/ml) (µg/ml) 

o.O'+ 0.03 
0.2 0.3 
0.3 1.0 
0.3 0.1 
2 300 

0.1 
0.1 
0.3 
7 
3 

0.03 
0.3 
0.2 
3 

0.5 
3 
5 

10 

cephalothinb 
(µg/ml) 

0.05 
0.5 
2.0 
0.2 

30 

aDetermined as the concentration of [ 14 c] benzylpenicillin required to saturate 

by 50% the membrane-bound PBP after incubation for 10 min at 37°c. 

bDetermined as the concentration of the cephalo~porin which reduced the 

binding of [ 
1
4 C] benzylpenici llin to the PBP by 50%. Incubation with the 

cephalosporin was for 10 min at 37°c followed by incubation with [ 
1
4c] benzyl

penicillin (1oµg/ml) for a further 10 min. 
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the presence of any additional ~-lactam-binding proteins. The affinities 

of the PBPs of~- megaterium for cephalothin and cephaloridine were measured 

by this method and PBP1 was again found to have the highest affinity for 

these ~-lactam.s (Fig . 3 . 5; Table 3 . 3). · 

In the membranes of B. subtilis, PBPs 1 and 2 both had similar high 

affinities for benzylpenicillin with PBP4 having the lowest affinity (Fig. 

3.6; Table 3.3). The results for B. licheniformis 94 were similar to those 

found for B. megaterium with the PBP with the lowest molecular weight having 

the lowest affinity for benzylpenicillin and the PBP with the highest mole~ 

cular weight having the highest affinity. ~- licheniformis 94 is an 

autolytic-deficient, penicillinase-deficientmutant derived from B. licheniformis 
. 

6346. Although the profile of .PBPs in the parent strain is very similar to 

that of mutant 94 (Fig. 3.7) st.iggesting that the lack of autolytic activity 

in mutant 94 is not associated with the lack of a penicillin-binding protein, 

each of the PBPs in the parent organism appeared to have a lower affinity 

for benzylpenicillin than the same PBP in µjutant 94 (Table 3.3). Similarly, 

the DD-carboxypeptidase activity of the parent was only inhibited by 12% in 

the presence of benzylpenicillin (10µ.g/ml) whereas the activity of mutant 94 

was inhibited by 100% at this concentration. The DD-carboxypeptidase activit~es 

of the two strains were equally sensitive to cloxacillin, a ~-lactam that is 

resistant to hydrolysis by penicillinases. The membrane-bound penicillinase 

activity of the two strains was determined by the microiodometric method 
1 

described by Ross and O'Callaghan (1975). The activity of mutant 94 was 

5.6 nmol b~nzylpenicillin hydrolysed/min/mg of membrane protein whereas that 

of the parent strain 6346 was ten times greater (64 nmo~/min/mg protein) . 

It was thus concluded that the apparent difference in affinity of the PBPs 

in the two strains was because of the destruction of [ 14C]benzylpenicillin 

by the penicillinase in the membranes of strain 6346 before it had reacted 



Fig. 3.5 Affinity of the membrane-bound PBPs of B. megateriurn for cephaloridine 

and cephalothin. 

Fluorogram showing the PBPs detected by fluorography after fractionation 

of the membranes by dodecylsulphate/polyacrylamide gel electrophoresis. 

50µ1 samples of membranes of B. megaterium (500µ9 protein) were pre-incubated 

with increasing concentrations of the relevant cephalosporin for 10 min at 

37°c before addition of [ 14 c] benzylpenicillin (10µ9/ml) and incubation for 

a further 10 min to detect the PBPs that were still accessible. 

The concentrations of the cephalosporins used were (µg/ml): A O (control); 

Cephaloridine : B (0.01), C (0.03), D (0.1), E (0.3), F (1.0), G (10), . H (100), 

I ( 1000). 

Cephalothin: J (O.OJ), K (0.1), L (O.J), M (1.0), N (J.O), 0 (10), P (100). 
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Fig . 3 .6 Affinity of the membrane-bound PBPs of B. subtilis for benzyl-

penicillin. 

Fluorogram ' showing the PBPs .detected by fluorography after fractionation 

of the membranes by dodecylsulphate/polyacrylamide gel electrophoresis. 

50µ.l samples of the membranes of~- subtilis (500 µg protein) were incubated 

with the indicated concentrations of [ 14C]benzylpenicillin for 10 min at 37°c 

and then prepared for electrophoresis as described in Section 2.6. 
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Fig 3.7 Affinity of the membrane-bound PBPs of B. licheniformis strains 6J46 

and 94 for benzylpenicillin ~ 

Fluorogram showing the PBPs detected by fluorography after fractionation 

of the membranes by dodecylsulphate/polyacrylamide gel electrophoresis. 

50µ1 samples of membranes (500 µg protein) were incubated with the indicated 

concentrations of [ 14 c]benzylpenicillin for 10 min at 37°c and then prepared 

for electrophoresis as described in Section 2 . 6 . 

The minor penicillin-binding protein that appears between PBPs J and 4 was 

not observed routinely in studies of the PBPs of B. licheniformis. 
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with the PBPs, rather than there being an intrinsic difference in the binding 

properties of the PBPs in the two strains. 

The binding of [ 
1
4c] benzylpenicillin to the PBPs of B. subtilis . 

(Blumberg and Strominger, 1972a) and E.coli (Spratt, 1977a) has been treated 

as a simple bimolecular reaction: 

PBP + [ 
1
4c] benzylpenicillin---!llt- [ 

1
4c] benzylpenicillin-PBP. 

Under conditions when the amount of penicillin present. is in great excess 

of the amount of PBP, a plot of the logarithm of the fraction of the PBP 

penicilloylated versus the product of the penicillin concentration x time 

should give a straight line (Blumberg and Strominger, 1972a). A linear 

relationship was found to hold for PBPs 1, 4 and 5 of B. subtilis and PBPs 

1, 2 and 3 of E~ coli although the relationship did not hold for PBP2 of the 

former' and PBPs 4 and 5/6 of the latter organisms. When such a plot was 

attempted with the data on the binding of [ 14c]benzylpenicillin to the 

PBPs of B. megaterium, none of the sets of data obeyed a linear relationship 

and a more informative plot was obtained ~y simply plotting the percentage 

of the PBP penicilloylated versus the concentration of penicillin. Fig. 

3.8 shows that the binding of [
1
4C]benzylpenicillin to each PBP reached a 

plateau at a particular concentration of benzylpenicillin. To analyse the 

kinetics of the binding reaction more extensively, it would be necessary to 

repeat the ex~eriment with many more determinations of the degree of penicilloy

lation at various concentrations of benzylpenicillin. 

' 
It is reported later (Section 8.3) that the purified PBP1 of B. lichen-

iformis 94. forms a covalent stoicheiometric complex with benzylpenicillin. 

At low concentr~tions of [ 14 c]benzylpenicillin that result in less than 100% 

saturation of the PBP, all the added [
1
4C]benzylpenicillin is bound to the 

PBP and a titration is occurring between these two molecules. A similar 

situation occurs when studying the_ binding of benzylpenicillin to the membrane-



Fig. J.8 Binding of benzylpenicillin to the PBPs of B. megaterium. 

The binding of benzylpenicillin to the membrane-bound PBPs of_!!. megaterium 

at various concentrations of benzylpenicillin was measured by densitometry 

of the fluorogram shown in Fig. 3 .4 • . Tre results are expressed as percentages 

of the maximum binding of [ 14c] benzylpenicillin to the particular PBP. 
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bound PBPs that have a high apparent affinity for it (eg. PBP1 of~· 

megaterium and B. licheniformis) as the amount of benzylpenicillin that 

results in 50% saturation is comparable to the amount of benzylpenicillin 

bound to the PBP. At a concentration of benzylpenicillin of o.04µg/ml 

(the amount needed to saturate PBP1 of~· megaterium by 50%), the amount 

of benzylpenicillin present in the 50µ1 sampJes used in this experiment 

was approximately 5 pmol which is equivalent to 600 dpm (specific activity 

of [ 14c]benzylpenicillin used was 51 Ci/mol). The amount of [ 14c]benzyl-

penicillin bound to PBP1 under these conditions as determined by cutting up 

the gel and measuring the radioactivity in slices is also of the same order 

of magnitude. Hence as the amount of penicillin present is comparable to 

the amount of PBP present, th~ kinetics of the binding of penicillin to 

the PBPs cannot be expected to obey the relationship for a bimolecular 

irreversible reactionsiggest~d above. Also, this relationship does not 

take into account the fact that the complexes formed between penicillins and 

the PBPs break down (s ee Section 3 . 5) . PB1=>5 of~- megaterium however, is not 

labelled by [ 
1
4c] benzylpenicillin until incubated with amounts a hundred 

times greater than the amounts needed to saturate PBP1 indicating that 

the "titration" effect is not applicable to this PBP . 

The values of the affinities of the PBPs (concentrations of ~-lactams 

needed to result in 50% of the maximum binding) do not necessarily reflect 

any of the kinetic constants of the binding reacti on, but may only be a 

measure of the amount of ~-lactam needed to react with 50% of the amount of 

PBP present. These suggestions have been confirmed by further studies 

(P.E. Reynolds and H.A. Chase, unpublished observations) on the binding of 

[ 14c]benzylpenicillin to the membranes of~- megaterium in which it was 

found that i.f the same amount of membranes are incubated with a fixed concen

tration of t 14 cJ benzylpenicillin in an increasing volume, then the apparent 
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affinities of the PBPs also increase; ie. the more dilute a PBP becomes, 
the lower the concE;ntration of benzylpenicillin needed to result in 50% 
saturation decreases. This is because, at a particular concentration of 
penicillin, the total amount of penicillin present relative to the amount 
of penicillin-binding proteins in the membranes is greater in the incubations 
that have been carried out in a larger volume. 

Although the absolute values of the affinities of the PBPs determined 
above may not be measures of the kinetics of the binding reactions, the rel
ative values are of interest for they give an indication of which of the PBPs 
will bind penicillin when there is only a small amount present. The rate 
of formation of covalent benzylpenicillin-PBP complexes will vary pepending 
on the nature of the PBP. Assuming that the binding of penicillins to all 
PBPs occurs by the same mechanism as suggested for the binding to the 
DD-carboxypeptidases (Fig. 1.13), then the rate of formation of the covalent 
complexes depends on the value of kJ/K for the binding reaction. The data 
from the experiments on the relative affini~ies of the PBPs of B. megaterium 
suggest that PBP1 binds benzylpenicillin faster than PBPs 2, J and 4 
which in turn bind it faster than PBP5. This was confirmed by an experiment 
to investigate the effect of the length of the incubation on the degree 
of labelling of the PBPs (Fig. 3 .9). As predicted, PBP1 bound benzylpenicillin 
most rapidly and was completely labelled by the first time point. PBPs 2, J 
and 4 were fully labelled within 2 min whereas PBP5 was hardly labelled even 
after JO min incubation with benzylpenicillin at o.5~g/ml. 

3.5 Breakdown of membrane-bound §-lactam-PBP complexes. 

The interaction of penicillins with various DD-carboxypeptidases has 
been shown to involve the formation of a covalent complex that can subsequently 
break down (see Section 1.10.J for details). Breakdown of the membrane-bound 



Fig. 3.9 Effect of the length of incubation on the binding of benzylpeni 'cillin 

to the PBPs o~ B. megaterium. 

Fluorogram showing the PBPs detected by fluorography after fractionation 

of the membranes by dodecylsulphate/polyacrylamide gel electrophoresis . 

1 ml of membranes of~- megaterium (10 mg protein/ml) was incubated with 

[ 11+c] benzylpenicillin (o.5µg/ml) at 37°c. 50 µl samples were removed at 

intervals and [
12

c]benzylpenicillin was added to terminate the binding reaction . 

The samples were then immediately prepared for electrophoresis as described 

in Section 2 . 6. 
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benzylpenicillin-PBP complexes of!_.~ has been observed by Spratt (1977a); 

values of the half-lives of the complexes at 37°c varied, with PBP5 having 

the shortest half-life of 5 min whereas the complex with PBP1 appeared not 

to break down over a period of one hour. 

The breakdown of the membrane-bound [
1
4C]benzylpenicillin-PBP complexes 

0 0 of~- megaterium was studied at 37 C and 23 C. After formation of [ t4C]- . 

benzylpenicillin-PBP complexes, any unbound benzylpenicillin has either to 

be inactivated or separated from the complex in order that breakdown of 

the complex can be observed, otherwise the PBP liberated after breakdown 

will react with a further molecule of benzylpenicillin thus obscuring the 

breakdown of the complex. In these experiments, addition of ~-lactamase 

was used to inactivate unbound [ 14c]benzylpenicillin by converting it to 
14 

[ · C]benzylpenicilloic acid which does not bind to the PBPs. Samples were 

removed at intervals and the , breakdown of the complexes was monitored by 

fractionating the PBPs by dodecylsulphate/polyacrylamide gel electrophoresis 

(Fig. 3.10). The amounts .of benzylpenicii'lin remaining bound to the PBPs 

was quantitated by densitometry of the bands on the X-ray film after 

fluorography (Fig. 3.11). The values of the half-lives of the complexes are 

given in table 3.4 and the rate of breakdown was found to depend on the 

temperature of the incubation. Knowing the rate constants of the breakdown 

of the complex_es formed between benzylpenicillin and PBP1 and PBP5 at two 

temperatures,· it was possible to calculate the activation energies of the 
"f 

two breakdown processes using the Arrhenius equation. The values obtained 

were 88 kJ/mol for the complex with PBP1 and 67 kJ/mol for that with PBP5. 

These values should only be treated as preliminary estimates of the activation 

energies as the experiment must be repeated at more temperatures to ensure 

that the Arrhenius equation is being obeyed. The rates of breakdown of 

.the complexes formed with PBPs 2, 3 and 4 were too slow for accurate va l ues 



Fi.g. J .10 Breakdown of the membrane- bound benzylpeni ci llin-PBP complexes 

0 
of B. megaterium at 37 C. 

Fluorogram showing the PBPs detected by fluorography after fractionation 

of the membranes by dodecylsulphate/polyacrylamide gel electrophoresis. 

1 ml of membranes of..!?_. megaterium (10 mg protein/ml) were incubated with 

[ 
14

c] benzylpen,icillin at 15 µg/ml for 10 min at 37°c followed by addition of 

0 
1000 units of ~-lactamase and incubation was continued at 37 C. 50µ1 samples 

were removed at . intervals and prepared for electrophoresis as described in 

Section 2.6. 

The two time O samples are before (left) and after (right) addition of 

~-lactamase. 

a.. 
co 
a.. 

..... lO 

0 
0 
N 

0 
M ..... 
~ 

0 C 
0) ·-E 
~ 

'-"' 

(b 

LO E 
rt) ·-I-

0 
N 

0 .--

Lt) 

0 

0 



Fig. J.11 Breakdown of the membrane- bound benzylpenicillin- PBP complexes of 

0 
B. megaterium at 37 C. 

The amounts of [ 14c]benzylpenicillin remaining bound to each PBP was 

measured by densitometry of a fluorogram obtained as described in Fig. 3.10. 

The calculated values for the half-lives of the complexes are given in 

table J .4 • 

---- ----·---

"O 
C: 
:, 
0 

J:l 

C: --
u 

100 

80 

60 

40 

f 20 
a. -~ 
N 
C 
<1> .a 

u 
;:l.__ .. 10 

0 60 

0 

0 ' ,; 

1 

Time (min) 
120 

PBP 

•-4 

2 

3 0--



Table 3.4 Breakdown of benzylpenicillin-PBP complexes. 

The values of the half-lives (min) of the membrane-bound benzylpenicillin-PBP 

complexes were determined from the data presented in Fig. 3.11 and Fig. 3.12. 

Organism PBP Temperature 

37°C 35°C 
0 

23 C 

B. megaterium 1 12 60 

2 >200 > 200 

3 145 > 200 

4 >200 ·> 200 

5 35 120 

B. licheniformis 94 1 16 
,,, 

2 >200 

J >200 

4 >200 

rl 
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of the half-lives to be obtained. The activation energies of the breakdown 

of the complexes between benzylpenicillin and the DD-carboxypeptidases of 

B. stearothermophilus and B. subtilis were both found to be 88kJ/mol 

(Blumberg et ~, 1974). 

In order to check that the presence of ~-lactamase was not promoting 

the breakdown of the benzylpenicillin-PBP complexes, [ 14C]benzylpenicillin-

membrane complexes were separated from unbound benzylpenicillin by 

sedimentation and washing of the membranes twice with all operations taking 
0 place at 4 c. The isolated benzylpenicillin-membrane complex was incubated 

oc . at 37 and samples were removed at intervals to follow the release .of 

bound [ 14 c]benzylpenicillin. Identical values for the half-lives of the 

complexes were obtained compared with the values determined in the presence 

of ~-la'ctamase. 

It was also possible to measure the breakdown of the complexes formed 

between the PBPs and ~-lactam antibiotics that are not available radioactively-

labelled. 
,,, 

The breakdown of .f:hese complexes can be followed by investigating 

the re-appearance of binding sites for [ 1
4C]benzylpenicillin in a similar 

manner to that used when determining the relative affinities of unlabelled 

~-lactams for the PBPs (Section 3 .4). The complexes between the PBPs and 

the ~-lactams have to be isolated by sedimentation and washing of the membranes 

as addition of . ~-lactamase may not inactivate all the ~-lactams used and 

will also destroy the [ 14 c]benzylpenicillin added subsequently to detect the 
"I 

released PBPs. The observation that [ 14c]benzylpenicillin can bind to the 

PBPs after ~reakdown of the complexes formed with ~-lactams, implies that 

the cycle of binding followed by breakdown does not affe.ct the penicillin

binding properties of the PBPs. A qualitative estimate of the rates of 

breakdown of the complexes formed between the PBPs of~- megaterium aqd 

some ~-lactam antibiotics are shown .in Table 3 . 5 . In order to measure 



Table 3.5 (legend). 

JOO µl samples of membranes of B. megaterium (10 mg protein/ml) were 

incubated with various ~-lactam antibiotics at a final concentration of 

15 µg/ml for 10 min at 37°c in 2 ml cellulose nitrate centrifuge tubes. 1~7 

ml of ice-cold 50 mM Tris-HCl, 5 mM MgC1
2

, pH 7.2 was added to each sample 

and the sample was centrifuged at 50000 x _a . for 20 min at 4°C. The membrane 
I 

pellet was resuspended in 2 ml of the above Tris buffer and recentrifuged as 

before. This washing procedure was repeated once and the pellet resuspended 

in JOO µl of the Tris buffer. 
0 

The samples were incubated at 37 C and JOµ! 

aliquots were removed after O, 20, 60 and 180 min incubation. [ 14c]benzyl

penicillin (10µg/ml) was added to these aliquots immediately and incubation 

continued at 37°C for a further 5 min followed by addition of [ 12C}benzyl

penicillin (10 mg/ml) and the samples prepared for dodecylsulphate/polyacryl-

amide gel electrophoresis as described in Section 2.6. 

The rates of breakdown of the complexes were detennineq by inspection 

of the fluorogram of the gel. The level of blackening of the X-ray film 

by the radioactivity bound to PBP2 was too low to follow the breakdown of its 

complexes with ~-lactam antibiotics. 

Table 3.5 Breakdown of the complexes formed between ~-lactam antibiotics 

and the PBPs of B. megaterium. 

Antibiotic 

Benzylpenicillin 

Cloxacillin 

Methicillin 

Cephalothin 

Ampicillin 

6-aminopenicillanic acid 

Cefoxi tin 

1 

+++ 

++ 

++++ 

PBP 

J 

+ 

++ 

+ 

++ 

? 

4 5 

++ 

? 

+ ? 

? 

+ + 

? ? 

? indicates that no informati9n on the rate of breakdown could be obtained 

as binding of the ~-lactam to the PBP was not observed at time o. 

- indicates that the complex is stable dudtig 180 min incubation 
0 

at 37 C 

+ indicates that the complex had partially broken down by 180 min 

++ indicates that the complex had completely broken down by 180 min 

+++ indicates that the complex had completely broken down by 60 min 

++++ indicates that the complex had completely broken down by 20 min. 
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accurately the half-lives of the complexes, the experiment should be repeated 

and more samples removed at different intervals. Particular points of 

interest to be derived from Table 3 . 5 are that the complexes formed with 

the cephalosporins are in general more stable than those formed with the 

penicillins. The complexes formed with cefoxitin were extremely stable 

0 
and there was no breakdown during ,180 min incubation at 37 C. The complex 

between PBP1 and 6-aminopenicillanic acid broke down quickly but the 

rates of breakdown of the complexes formed with the other PBPs could not be 

determined because this ~-lactam was found not to have bound to these PBPs 

after isolation of the ~-lactam-membrane complexes. This may be because 

6-aminopenicillanic acid does not bind to the PBPs at the concentration used 

or that the complexes formed ~ave very short half-lives and break down 

during the isolation procedur~. The concentration (15µg/ml) of many of 

the ~-lactams used was not sµfficient to result in binding to PBP5 . Higher 

concentrations of the ~-lactams were not used in this experiment as it was 

thought that it might n ot be possibl e to r'emove all the unbound ~-lactam by 
. . 

sedimenting and washing the membranes. The amount of free ~-lactam has to 

be reduced to a low level (less than 0.01µg/ml) to prevent·the ~-lactam 

from binding again to PBP1 released after breakdown of its complex with the 

~;lactam. The concentrations of cloxacillin, methicillin and cephalothin 

needed to inhibit the DD-carboxypeptidase of B. megateriuni are of the order 

of 10Dµg/ml (Reynolds and Barnett, 1974) and such concentrations would also 

be necessary to result in saturation of PBP5 (PBP5 is the penicillin

sensitive.DD~carboxypeptidase in~~ megaterium (see Sections 7.3 and 7.4)\ 

The breakdown of the benzylpenicillin-PBP complexes in the membranes of. 

B. licheniformis were also studied (Fig 3.12). The complex between benzyl

penicillin and PBP1 was the only complex to break down significantly during 

0 
a 200 min incubation at 35 C, the half-life of the complex being 16 min. 



Fig. 3.12 Breakdown of the membrane-bound benzylpenicillin-PBP complexes 

of B. licheniformis 94 at 35°c. 

1 ml of membranes (10 mg protein/ml) of B. licheniformis 94 were incubated 

with [
1
4C]benzylpenicillin at 15µ9/ml for 10 min at 35°c followed by addition 

0 of 1000 units of ~-lactamase and incubation continued at 35 . C. 50 µl samples 

were removed at intervals and prepared for electrophoresis (Section 2.6). 

The membrane proteins were fractionated by dodecylsulphate/polyacrylamide gel 

electrophoresis and the PBPs detected by fluorography. The amounts of 

[14C]benzylpenicillin remaining bound to each PBP were measured by densitometry 

of the fluorogram obtained. The half-life of the benzylpenicillin-PBP1 complex 

was 16 min . 

0 
100 

80 

60 
-~ 
0 --
"O 40 
C 
=> 
0 
.Q 

C 

u 
C 
Q) 20 0... 

>--
N 
C 
Q) 

CD .----, 
u 

-;t ....... ..__.... 

10 

40 

\ 

Time (min) 

80 120 
~~~~~~~~~~~~ 

2,3,4 

Protein 

,,, 

B 



68 

This value is similar to that of 12 min at 37°c obtained for the breakdown 

of the benzylpenicillin- PBP1 complex of B. megaterium (Table 3 . 4) . It was 

sur prising that PBP4 formed a complex with benzylpenicillin that did not 

subsequently break down, as this protein is a DD-carboxypeptidase (Section 

8.1) and the benzylpenicillin-DD-carboxypeptidase complexes in all the other . 

Bacilli that have been examined break down. The half-lives vary from 

35min with the enzyme from~- megaterium (Table 3.4) and JO min with that 

from B. stearothermophilus (Blumberg et al, 1974) to 200 min with the 

enzyme from B. subtilis (Blumberg et~' 1974); all values having been deter-

. oC mined at 37 • A study of the lack of recovery of DD-carboxypeptidase activ-

ity of~- licheniformis 94 after inhibition by benzylpenicillin also 

. 
confirmed that benzylpenicillin forms an irreversible complex with this enzyme 

(Ward, · 1974; Tynecka and Ward', 1975) . The complex formed between benzylpen-

i ci llin and the DD-carboxypeptidase from Actinomadura R39 breaks down with 

a half-life of 70 hours at 37°c (Frere et al, 1974a) and it is a possibility 

that the complex formed between benzylpenfcillin and PBP4 of~· licheniformis 

may break down in a p r olonged incubation although very little breakdown was 

observed during the 200 min incubation used in the pr esent study. 

3 . 6 Di s cuss i on. 

3 - 5 PBPs wer e f oun d in the membranes o f a l l the Bacil li used in t his 

stu dy . The fun ction s of mu ltip le PBPs in bacteri a are not known , but it 
·; 

has been s u ggested that t h e y are t r a n speptidases, e ndopeptidases a n d 

DD-carboxypeptidase s invo lve d .. in t h e t e rminal stages o f pep t i dog lycan 

me t a bo li s m (Blumbe rg a nd S trominge r, 1 974 ). The PEP with t h e l owes t mo lecular 

weight has been shown to be a DD-carboxypeptidase in B. s t earothe rmophilus 

(Section 10.3 .2 . ; Yocum, Blumberg and Strominger, 1974), B. subti lis 

(Blumberg and Strominger, 1972b), B. megaterium (Section 7.3 and 7.4) and 



B. licheniformis (Section 8.1). The PBP with the highest molecular weight, 

PBP1, which is present in all the Bacilli studied, is suggested to be a 

peptidoglycan transpeptidase in ~-. megateriwn and B. licheniformis 94 

(Chapter 5). The functions of the other PBPs are not known, but it can 

be suggested that a Bacillus would need multiple transpeptidases to catalyse 

the incorporation of peptidoglycan necessary for the elongation of the cell 

wall, the formation of the septum and celi-wall thickening. The PBPs 

observed in Bacilli may correspond to some or all of these functions. 

It is interesting to note that Bacillus cereus has only 3 PBPs and yet has 

the same morphology as the other Bacilli that contain more than 3 PBPs. 

Hence possible functions for these additional PBPs cannot readily be suggested. 

All Bacilli have PBPs of molecular weight 122000-123000, 80000-90000 and 

45000-50000 and it is suggested that these common PBPs may be of prime 

importance in peptidoglycan, metabolism in Bacilli. Furthermore, the 

presence of a PBP of molecular weight 80000-90000 was found in both the 

cocci examined and it is tempting to sug,gest the possibility that a PBP of 

this molecular weight is necessary in all Gram-positive organisms. The 

absence of a PBP of molecular weight 122000-123000 in the cocci might like-

wise suggest that this PBP is responsible for the maintenance of the rod-

shape of the Bacilli. This suggestion would be proved conclusively if it 

were possible to isolate a Bacillus with a mutation such that it lacked PBP1 . 

If such a mutant were viable, it might be expected to grow as spherical cells • ., 
The profile of the PBPs of Bacilli and the cocci differed markedly, and 

al though t.his was expected because of the different morphology of the cells, 

it must also be remembered that the structure of the cell wall is not the 

same in these sets of organisms; furthermore, the cell wall structure of 

.t!_. luteus is substantially different from that of E.• aureus with regard to 

the nature of the cross-linking between peptidoglycan strands. As the reactions 
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being catalysed in the terminal stages of peptidoglycan synthesis (eg • . 

the transpeptidase reaction) involve different substrates in different 

organisms, i t cannot be expected that the proteins catalysing these 

reactions will be identical as they will have to contain different substrate

binding sites and diffetent catalytic sites. Hence it should not be expected 

to find common features in the profiles of penicillin-binding proteins in 

different species of bacteria. 

It is not known how many genes are coding for the PBPs in Bacilli. 

Blumberg and Strominger (1972a) have considered the possibility that the 

multiple PBPs are derived from a single high-molecular weight PBP by 

proteolysis or that some PBPs may be precursors or multimers of the lower 

molecular weight proteins. This possibility has been discounted by 

Buchanan, Hisa and Strominger · (1977 ) who have shown that antibodies raised 

to the DD-carboxypeptidase of B. subtilis (PBP5) do not cross-react with 

the other penicillin-binding proteins. Also, the chromosomal locus of ,,, 
each of the PBPs of E.coli has been determined, and ,all the PBPs apart 

from PBPs 5 & 6 map at different parts of the chromosome (Suzuki , Nishimura 

and Hirota, 1978) suggesting that they are all formed from different genes . 

PBP1 of B. megaterium and B. licheniformis have the highest affinities 

for ~-lactam antibiotics, but as is discussed at length in Chapter 4, this 

evidence alone - does not prove that PBP1 is the lethal target of penicillin 

action in these organisms. Although benzylpenicil~in, cephalothin and 

cephaloridine all appeared to have similar affinities for PBP1 of!• megat

erium (treatment with the ~-lactam at a concentration of 0.1µM results in 

a 50% saturation of PBP1), it is suggested that this result reflects the fact 

that the ~-lactams are titrating PBP1 at these concentrations, rather than 

being evidence that the kinetic parameters of the binding reactions are the 

same for all three ~-lactams. The. value for the affinity of PBP1 obtained 
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is the concentration at which the amount of ~-lactam present is equal to 

50% of the amount of PBP1 present and would therefor e be expected to be iden

ti cal for all three ~-lactams . 

The covalent complexes formed between benzylpenicillin and PBP1 of 

. 0 

B. megaterium and~· licheniformis break down quickly at 37 C, with the 

complexes having half-lives of 10-15 min. The only other complexes with 

benzylpenicillin that are known to break down at higher rates than these are 

the complexes formed with the DD-carboxypeptidases 1A of Gram- negative 

bacteria, whose complexes break down with half-lives of 3 - 5 min (Shepherd, 

Chase and Reynolds, 1977; Schilf et~, 1978; Spratt, 1977a). The compounds 

formed from benzylpenid.llin upon breakdown of the benzylpenicillin-PBP compl-

exes has been investigated and this work is described in Chapter 10 • 

• 
Th'e complexes formed between PBP1 of B. mega terium and various other 

penicillins eg. methicillin ,and 6-aminopeni cillanic acid also break down 

quickly and as PBP1 is suggested to be the lethal target of penicillin action 

,,, 
in this organism (Chapter 4), this rapid breakdown may be important in the 

use of penicillins to kill bacteria under clinical conditions. As the 

fun cti on of PBP1 will presuma bly be restored after breakdown of its complex 

with a penicill in, t he con tinued presence of the peni cill i n will be n e c essary 

t o k eep the function inhibi ted to pre v e n t further ~rowth and multip li ca t ion 

of the cel l s . Su ch breakdown may p a rtially explain t h e nec essity f or the 

con t inuous pre sence of ~-lactams during chemothera py with t h e se antibiotics. 
'l 

It mi ght b e expec ted t hat ~-lactams tha t f orm complexes wi t h PBP1 tha t are 

stable wo~ld be expected to be better antibiotics than those whose comple xes 

break down rapidly if all other considerations were equal. It was interesting 

to observe that cloxacillin, ceroxitin, cephalothin and ampicillin formed 

complexes with PBP1 that were stable over a three hour period at 37° c . 
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None of these ~-lactams has a minimum growth inhibitory concentration, 

determined as the
0

concentration of antibiotic that inhibits the increas e in 

turbidity during exponential growth by 50% over the period of two generations, 

that is less than that of benzylpenicillin (P~E. Reynolds, personal communi

cation). Hence it would appear that the phenomenon of the breakdown of 

~-lactam-PBP complexes is not important in the killing action o f these anti-

biotics under laboratory conditions. The breakdown of a ~-lactam-PBP complex 

only becomes important when there is no free ~-lactam to bind again to the 

reactivated PBP. The amounts of ~-lactams present at the minimum growth 

inhibitory concentrations are vastly greater than the amounts of penicillin-

binding material present in the cells. Thus although the complexes with the 

~-lactams are breaking down, the functions of the PBPs will remain inhibited 

as binding of another molecule of ~-lactam will occur. However, under certain 

clinical conditions, the amounts of free ~-lactam present may be comparable 

to the amount of penicillin-binding material and thus the breakdown of ~-lactam-
,,., 

PBP complexes may be of greater importance under these conditions. 
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4 • IDENTIFI CA. TI CN CF THE PEN! CILLIN -BINDING PRDrEIN THAT MAY REPRESENT THE 

LETHAL TARGET CF PENICILLIN ACTIOO IN B. MEGATERIUM. 

4.1 Introduction. 

Much work has been carried out on correlating the killing action of 

various ~-lactam antibiotics with the binding of these antibiotics to 

whole cells (Eagle, 1954a; Cooper, 1956; Rogers, 1967; Edwards and Park, 

1969; Park, Edwards and Wise, 1974). In Staphylococcus aureus, Edwards and 

Park (1969) were able to correlate the binding of ~-lactams to the cells 

with the sensitivity of the cells to the antibiotic. However, the 

examination of penicillin-resistant mutants did not show a correlation 

between resistance and a reduction of binding of penicillin to the cells 

(Eagle, · 1954b; Park, Edwards ai-id Wise, 1974). · The majority of this work 

was carried out before it was , recognized that bacteria contain more than 

one binding site for ~-lactam antibiotics. The demonstration of more than 

one penicillin-binding protein showed that . .,it was possible for ~-lactam 

antibiotics to be exerting their lethal action through binding to a minor 

PBP- arid that it would not be possible to study this interaction by invest-

igating the total binding of ~- lactams to the cell . 

Su bs equ ent work has i nvo l v ed an attempt to correlate the binding of 

~- :lactams to the i n di v idual PBPs wi th t h e sens i t i v i t y of the cells to 

these antibiotics . In B. subtilis, Blumber g and Stromin ger (1972a ) cla imed 
l 

t hat PBPs 1 , 2 a n d 4 bind ~-lactam a n tibiotics at rates comparable to those 

of t h e p eni~i llin-ki ll i ng site. In~- megaterium, PBP1 is labelled by 

[ 14 c] b enzylpe n i cillin .,; t c oncen tra t i on s at which t h e other PBPs are not 

labelled (Fig. _3.4). The concentration of benzylpenicillin t hat r e sulte d 

in a 50% penicilloylation of PBP1 (0.04µ g/ml) is similar to that which 

inhibits the growth of the organism . by 50% (o.o8µg/ml; Reynolds and Barnett, 

1974). However, minimum growth inhibitory concentrations are measured with 
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cells growingat low densities whereas the 50% binding values are obtained 

by using suspensions of isolated membranes at high density and these two 

situations are not directly comparable. It is a possibility that the 

accessibility of the PBPs and their affinities for penicillins might well 

be different in whole cells than in isolated membranes. Hence, in order 

to determine which PBP might represent the lethal target for benzylpenicillin 

it is necessary to investigate the binding of this antibiotic to the PBPs 

in whole cells. 

14 ' 
4.2 labelling of whole cells of B. megaterium with [ C]benzylpenicillin. 

It is difficult to run sufficient quantities of total cell protein 

on a polyacrylamide gel to detect the PBPs by fluorography in a reasonable 

time without overloading the gel. As all the PBPs of~- megaterium are 

located in the membrane, it was possible to investigate the binding of 

benzylpenicillin to whole cells by incubating the cells with [
1
4C]benzyl-

penicillin followed by preparation of the 111embrane fraction and examination. 

of the PBPs. The conditions of membrane isolation involved a 5 min 

incubation at 37°c with lysozyme, followed by the remainder of the manipul

ations at 4°C (approximately 45 min). This procedure should not have 

resulted in substantial breakdown of the complexes between benzylpenicillin 

and PBPs 2, J, 4 and 5 as the half-lives of these complexes are greater 

than JO min at 37°c (Table 3.4). The half-life of the complex with PBP1 
; 

0 
is only 12 min at 37 C, so the procedure would have resulted in some 

breakdown of this complex. 

Whole cells of~- megaterium were incubated with a range of concentrations 

of [ 14c]benzylpenicillin, harvested, washed, lysed by treatment with lysozyme 

and the membranes collected by centrifugation. The membrane-proteins were 

fractionated by dodecylsulphate/polyacrylamide gel electrophoresis and 
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e the PBPs detected by fluorography (Fig. 4.1). This procedure enabled the 

relative affinities of the PBPs in whole cells to be determined. The relative 
affinities of the PBPs were the same as had been found previously when isol

ated membranes were treated with benzylpenicillin (Fig. 3.4), although 

the absolute concentrations of the antibiotic that resulted in a 50% 

saturation of the PBPs were lower than were found when isolated membranes 

were used (Table 4.1). The PBPs are likely to be more accessible to benzyl-

penicillin in isolated membranes than in whole cells and the difference in 

absolute affinities is further indication that the values obtained for some 

of the PBPs in isolated membranes were simply a measure of the amount of 

penicillin-binding material present rather than a measure of the ~inetic 

parameters of the binding reaction. Although the amounts of penicillin-

binding pro tein were approximately the same in the experiments with the 
whole cells and those with the isolated membranes, the volume of the 

suspension of whole cells was 10ml whereas the volume of the membrane 

suspension was 50µ1. Hence at a particular,.,concentra tion of benzylpenicillin, 

the number of moles of antibiotic present was 200 times greater in the 

experiments with whole cells and the concentration at which sufficient 

benzylpenicillin was present to react wi th 50% of PBP1 would therefore be 

expected t o be lower than in the experiments with isolated membranes . The 

difference i n the affinities observed was not nearly as great as 200 fold 

and t his s ugges t s that the cell wall may be acting as a barrier preventing 

benzylpenicillin f r om reaching the PBPs in the membranes. 

The relative amount s o f t he p enicillin- binding proteins when labe ll e d 

in wh o le cells were di fferent f r om t h ose labelled i n iso lated me mbranes 

( Table 4.1). In parti cular, the r e lative a mount of PBP1 labelled in cells 
was reduced compared with the amounts of PBPs 2 , 3 and 4 . This apparent 

reduction may be because of the breakdown of the [ 1
4C]benzylpenicillin-PBP1 



Fig. 4.1 Affinity of tha membrane-bound PBPs in whole cells of B. megaterium 

for [ 14 c] benzylpenicillin. 

10 ml cultures of~- megaterium growing exponentially in the medium 

described in Section 2.2.1 were treated with a range of concentrations of 

[ 14c]benzylpenicillin when the cell density had reached 0.3 mg dry weight/ml. 

After 5 min at 37°c, 10 mM [
12c]benzylpenicillin was added to terminate the 

0 

binding reaction. The cells were harvested rapidly by centrifugation at 4 C 

(27000 x _g_, 1 min), washed in ice-cold 25 mM Tris-HCl, 5 mM MgC1
2

, pH 7.2, 

resuspended in 0.3 ml of the same buffer containing lysozyme (250 µg/ml) and 

DNase (5µg/ml) and incubated at 37°c until lysis was complete (5 min). The 

membranes were collected by centrifugation at 40000 x _g_ at 4°C for 20 min and 

dissolved by boiling for 2 min in 50µ1 of buffer containing 10% glycerol, 1% 

sodium dodecylsulphate, 1% 2-mercaptoethanol, 0.002% bromophenol blue, 10mM 

Tris-HCl, pH 7.2. The membrane proteins were fractionated by dodecylsulphate/ 

polyacrylamide gel electrophoresis (Section 2.6) and the PBPs revealed by 

fluorography. 

The following concentrations of [ 14C]benzylpenicillin were used (µg/ml): 

A 0.003; B 0.006; C 0.01; D 0.03; E 0.06; F 0.1; G 0.3; H 0.6; I 1.0; J 5.0 
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Table 4.1 Comparison of the labelling by [
1
4C]benzylpenicillin of the 

PBP 

1 

2 

3 

4 

5 

PBPs in whole cells and in isolated membranes of B. megaterium. 

Whole cellsa 

Binding of BPc Affinityd 
(%) (µg/ml) 

31 

14 

35 

18 

0.07 

0.17 

0.17 

>1 

b 
Isolated membranes 

Binding of BPc Affinityd 
(%) (µg/ml) 

45 

10 

23 

21 

o.dJ. 

0.2 

0.3 

0.3 

2 

BP= [ 14c]benzylpenicillin. 

(a -) Values obtained by densitometry of fluorogram in \Fig. 4.1 ,, 

(b) Values obtained by densitometry of fluorogram in F:j.g. 3.4 

(c) As it was not possible to saturate PBP5 with [ 14c]benzylpenicillin when 

labelling whole cells, the relative binding of benzylpenicillin was 

calculated as percentages of the total amount bound to PBPs 1, 2, J and 

4 only. 

(d) Determined as the concentratipn of [ 14 c]benzylpenicillin that resulted 

in a 50% saturation of the PBP. 
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complex during isolation of the membranes or it may be because of incomplete 

acce s s ibility of this protein when labelled in whole cells. The relative 

a mount o f PBPJ appeared to be greater in whole cells than in isolated membranes 

and this observation may reflect a loss of the penicillin-binding capability 

of this protein during preparation of the membranes. It was not possible 

to achieve sufficiently high concentrations of [
1
4C]benzylpenicillin (because 

of cost) to result in saturation of the binding to PBP5 and hence no inform

ation has been obtained on the relative amount of this PBP when labelled in 

whole cells. 

It is clear from the results in Fig. 4.1 that PBP1 has the highest 

affinity for benzylpenicillin but this information alone is not sufficient 

to implicate this protein as the lethal target of penicillin. It is necessary 

• 
to investigate which PBPs bind benzylpenicillih when growing cells are labelled 

at concentr ations of the antibi o tic that are just sufficient to interfere 

with growth or cause cell death. The growth of B. megaterium as measured by 

' ,; 

increase in turbidity of a culture was substantia l ly inhibited at a 

concentr ation of benzylpeni cill i n of O. OJµg/ml ; at thi s concentration , the 

percentage saturati on of PBPs 1-5 i n who l e cel ls was 75% , 12%, 8%, 4% and 0% 

r especti v ely (Fig . 4.1 ) . Over a long p e r iod , the i nh ibition of a n essenti a l 

en~yme by as little as 10% might b e suff ici en t t o impair growt h, bu t in this 

shor t t e rm gr owt h experiment (two generations, 4 0 min), it seems unl i k e ly 

t~t such a degree of inhibiti on (of PBPs 2 and J ) wou l d account for the 
1 

imme diate inhibi tion o f growth and it is conclu ded t hat PBP1 i s most like ly 

to be the lethal target of benzylpeni c illin. At the mini mum gr owth inhibitory 

concentration of O.OJµg/ml, more than 80% of the total amount of radioactivity 

bound to the PBPs was bound to PBP1 with approximrutely 5% on each of PBPs 

2, 3 and4 (Fig. 4.2). As the concentration of benzylpenicillin was lowered 



Fig. 4.2 Binding of [
14 c] benzylpenicillin to the PBPs in whole cells of 

B. megaterium . 

The amount of radioactivity bound to each PBP at the various concentrations 

of [ 
14c] benzylpenicillin was determined by microdensi tometry of the fltn-ogram 

shown in Fig. 4 . 1. The amounts are expressed as a percentage of the total 

radioactivity bound at that concentration • . 

The arrow denotes the concentration of benzylpenicillin that just inhibits 

the growth of this organism over a period of two gene rations (minimum growth 

i nhi bitor y c oncentration) . 

e - P BP1; 6. - PBP2; D - PBPJ; 0- PBP4 . 
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further to that which just inhibited the growth of cells from a small 

inoculum (10
6 

cells/ml) in liquid media (0.01 µg/ml), or that which just 

inhibited the growth of single cells on agar (0.006 µg/ml), no radioactivity 

was found associated with PBPs 2- 5 (Fig. 4.2) while appreciable binding of 

[ 14C]benzylpenicillin to PBP1 in intact cells was still demonstrable 

(Fig. 4.1, tracks Band C). This is further indication that PBP1 is of 

prime importance in the interaction of benzylpenicillin with whole cells of 

B. megaterium. 

Preliminary attempts have been made to label the PBPs in whole cells of 

B. licheniformis 94 It has proved difficult to prepare clean; membrane 

preparations (ie. without contamination with the cell wall) from this organ-

. 
ism on a small scale, with the consequence that poor running of the membrane 

proteins during gel electropho;esis was experienced. However, the prelim...; 

inary results indicate that the situation appears to be the same as in B. 

megaterium with PBP1 being the only PBP labelled at low concentrations of 

benzylpenicillin still sufficient to kill tfie cells. 

4.3 Discussion. 

By labelling whole cells of B. megaterium with [ 14 c] benzylpenicillin 

followed by an examination of the binding of the antibiotic to the PBPs, it 

has shown that PBP1 is the penicillin-binding protein most likely to be the 

lethal target ·of benzylpenicillin. PBP1 is the only PBP that reacts with 
"' 

benzylpenicillin at low concentrations that are still sufficient to kill 

the cells •. The study of the binding of benzylpenicillin to the PBPs in whole 

cells has enabled elimination of the possibility that some of the PBPs found· 

in isolated membranes are not accessible in whole cells. It has also been 

possible to correlate directly the binding of benzylpenicillin to the PBPs · 
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with the lethal action of this antibiotic as the conditions used in both 

experiments were the same. No account has to be taken of any differences 

in permeability or suspension density of the preparations as was necessary 

when comparing the concentrations of ~-lactams that inhibited the growth of 

cells with those needed to result in binding to the PBPs in isolated membr

anes (Blumberg and Strominger,1972a; Spratt, 1977a). However, this 

experiment does not prove conclusively that PBP1 is the lethal target of 

benzylpenicillin action; it does prove that if any of the penicillin-binding 

proteins is the lethal target then that PBP can only be PBP1. It is a 

possibility that the lethal target of penicillin is a PBP that is present 

in cells in very small amounts (perhaps only one molecule per cell) and 

such small amounts of a PBP w~uld not be detected by the methods described 

here. · It is ·also possible that benzylpenicillin interacts non-covalently 

with the killing site or for~s a covalent complex that breaks down so rapidly 

before or during dodecylsulphate/polyacrylamide gel electrophoresis that 

it is not subsequently detected as a PBP. ,,, Under these circumstances, it 

would not be possible to correlate the killing site of penicillin with a 

particµlar PBP. 

There is no reason why the PBP that is the killing site of penicillins 

in other organisms shou_ld also be the PBP with the highest affinity for 

~-lactam antibiotics . Labelling of the PBPs in the isolated membranes of 

Salmonella typhiinurium showed that PBP4 had the highest affinity for 

benzylpenicillin (Shepherd , Chase and Reynolds, 1977) although it seems 

unlikely ~hat this protein is the target of the l ethal action of penicill i n. 

Howev e r, it ma y still be poss i ble t o correlate t he concen trati on of a 

penicillin needed to result in binding to a PBP with the concentration that 

leads to the death of the cell. It is also possible that there is more than 

one PBP in the cell whose interaction with penicillin will result in cell 
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death. However, of these PBPs, the one with the highest affinity for 

penicillin will be· the most important in the lethal action, as the binding 

of penicillin to this PBP will result in cell death regardless of whether 

binding to the others is also resulting in death. 

In order to follow the in vi vo labelling by [ 14c] benzylpeniciilin of 

the PBPs of other organisms, it is necessary to be able to isolate the 

membranes of these organisms quickly and without prolonged incubation 

at high temperatures. otherwise, breakdown of the benzylpenicillin-PBP 

complexes will occur during the isolation procedure. Such experiments could 

be performed readily with Micrococcus luteus, but with bacteria that are not 

lysed by treatment with lysozyme, or with Gram-negative bacteria, .. it will 

probably be necessary to prepare,cell-wall/membrane fragments by sonication. 

It may also be possible to.investigate the binding of ~-lactam anti- -

biotics that are not available radioactively labelled, to PBPs in whole 

cells by using "pre-binding" experiments. Whole cells could be treated 

with the unlabelled anti biotic followed by ,~ddi tion of [ 14 c] benzylpenicillin 

to determine which of the PBPs had not bound the unlabelled ~-lactam. 

The results of these experiments would indicate whether binding to the 

same PBP was responsible for the lethal action of all the ~-lactam antibiotics 

tested. 
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5. IDENTIFICATICN OF A PENICILLIN- BINDING PROI'EIN AS A PEPTIDffiLYCAN 

TRA.NSPEPTIDASE . 

5.1 Introduction. 

Since Tipper and Strominger (1965) and Wise and Park (1965) simultaneously 

published their observations that penicillin inhibited the formation of cross

links in peptidoglycan, it has generally be!'assumed that the lethal act~on 

of penicillin must involve the inhibition of a transpeptidase enzyme (see 

Section 1 . 6). Hence, if one or more of the PBPs is the lethal target of 

penicillin action, then one or more of the PBPs must presumably be able to 

catalyse a peptidoglycan transpeptidation reaction in~- As PBP1 of B. 

megater ium is proposed to be the lethal target of penicillin action in 

• 
this organism · ( Chapter 4), it ·was wondered whether this p r otein could catalyse 

a p epti doglycan tran speptidat'ion reaction. As is discussed later (Section 

9.3 ), it has no t been possibl e to show that any of the purified PBPs f r om 
' > 

Bacilli can catalyse a na t ural model transpeptida t ion r eact ion in v itro. 

Al t h ough a number o f di ffer e n t reason s can be proposed f or the lack o f in 

v itr o peptido g lycan t ranspeptidase activi t y , it must be shown that the PBPs 

a r e involv ed in t he ter mina l stages of p e p t idogly c1:tn met abolism. <he propert y 

of the penicillin-binding proteins tha t i s part i cularl y unus ual , is t h e ir 

f ormation o f a _covalent complex with peni c illin that subs e quently breaks down 

and I wondered whether the systems used t o study .!3. vitro peptidoglycan 

trans peptidase activity also show the s a me cha racteri stics o f int eraction 

with penicillin. 

5.2 Kinetics of the breakdown of slowly reversible @-lactam-enzyme complexes. 

The standard procedure for dftermining the half-life of a ~-lactam-enzyrne 
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complex is as follows: the enzyme is treated with an excess of the ~-lactam 

in order to form the ~-lactam-enzyme complex and the unbound ~-lactam is 

then either .inactivated by addition of ~-lactamase or, if the enzyme is 

membrane-bound, the complex can be separated from the free ~-lactam by sedim

entation and washing. Chee the excess ~-lactam has been removed or inactiv-

ated, the ~-lactam-enzyme complex can be incubated in order to allow break

down . to take place. The extent of breakdown can be determined by measuring 

the amount of enzymic activity recovered by different times during the 

incubation. Che method for doing this is to remove samples at intervals 

and to assay them for enzyme activity by adding substrate and continuing the 

incubation for a particular period. The amount of product formed is assumed 

to be proportional to the amount of active enzyme present. The method has 

the disadvantage that the P-ldctam-enzyme complex will continue to break 

down during the period of th~ assay with a corresponding increase of enzymic 

activity. Hence the amount of product formed during the assay will result 

in an overestimate of the amount of active" enzyme pre.sent at the beginning 

of the assay. The kinetics of the recovery of enzymic activity and the 

deri va ti.on of a formula for the correction of the results of enzyme assays 

for the continued breakdown of the ~-lactam-enzyme complex are presented 

in Fig. 5.1. The amount of product that would have been formed had break

down not occurred during the assay (A ), which is a measure of the amount 
0 

of active enzyme present at the start of the assay, can be calculated from 

the amount of product that was observed to be formed (At) (Fig. 5.1, equation 

18). The derivation also shows that the amount of ~-lactam-enzyme complex 

(EP*) at the start of the assay is directly proportional to the fractional 
0 

inhibition of the enzymic activity determined without correction of the 

assay values (Fig. 5.1, equation 12). Hence a plot of log(fractional inhib-



Fig. 5.1 Derivation of a formula for correcting the results of enzyme ass~ys 

obtained in experiments on the recovery of enzymic activity during 

breakdown of slowly reversible enzyme-inhibitor complexes. 

An enzyme inhibitor-complex is isolated and allowed to break down; samples 

are removed at intervals and assayed for enzymic activity. Correction has to 

be made for the continued breakdown of the enzyme~inhibitor complexes during 

the period used for the assay of the enzyme, in order to estimate the amount 

of enzymic activity present at the beginning of the assay. 

The enzyme is incubated with inhibitor to form an enzyme

inhibitor complex. The excess inhibitor is removed and the 

complex breaks down with first order kinetics with constant k. 

Samples are removed at intervals and substrate is added and 

incubation continued for a further t mins. 

E = total amount of enzyme 

* 
EP = concentration of inhibited enzyme at start of assay 

0 

* 
EPt = concentration of inhibited enzyme after t mins of assay 

* 
Amount of active enzyme after t mins of assay= E - EP t 

* * 
The breakdown of EP is first order EPt 

* -kt 
= EP .e 

0 

. 
The rate of product formation. at time t = N.(E 

where N is the amount of product formed in unit time per 

unit concentration of active enzyme. 

The amount of product formed between time t and t + dt is 

The total amount of product formed 

:J * is N. (E - EPt) . dt 

* :s -kt 
At :: N. (E - EP .e ) .dt 

0 

* -kt 
At= N.E.t + E·EP

0
.(e - 1) 

k 

in 'time t, At 

The amount of product formed in control incubation, A 

is N,E.t. Hence N = 

* -kt 
At = A + EP 

O 
.A. (e - 1) 

E kt 

A 
E.t 

( 1) 

(2) 

(4) 

(5) 

(6) 

(8) 



= 

A 

* 
1 + EP 

0 

E 

-kt 
e - 1 

kt 

Fractional inhibition of activity * 
= EP 

0 

E 

For a series of experiments with constant t and E 

* 
fractional inhibition, i = a. EP 

0 

where a is a constant 

-kt 
1-e 
kt 

If no breakdown of inhibitor-enzyme complex occurs during 

the assay then the amount of product formed during t mins, 

* A = N. (E - EP ).t 
0 0 

* From equation (7), EP
0 

= \At - N.E.t).k 

= 

( -kt 
e -

Substituting (14) into (13) gives 

A
0 

= N.E.t - (At - N.E.t).kt 

(e -kt_ 1) 

A "' (A - A ) .kt 
t 

( -kt e - 1) 

~(- ( -kt 1-) ) (.~:! 1) e - - A + kt t 

A 
0 ---

A 
+ 1 

-kt 
-e 

kt 

Fig. 5.1 (continued) 
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(10) 

(11) 
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(16) 

(17) 

(18) 
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ition) versus time should be a straight line, the gradient of which will 

give the value of k, the first order rate constant for the breakdown 

reaction. Knowing the value of k, t .he correction formula (Fig. 5.1, 

equation 18) can then be used. 

The correction can be extensive when the nature of the reaction being 

studied is such that the period of incubation with the substrate is comparable 

to or greater than the half-life of the ~-lactam-enzyme complex. Hence, 

with these reactions, a more accurate method of following the rec6very of 

enzymic activity, is to add substrate at the beginning of the breakdown -

period and to remove samples at intervals and assay the amount of product 

formed. The method assumes that the amount of product formed at any time 

is proportional to the amount of active enzyme present at that time, and 

will not work unless a) the r~action can continue throughout the period of 

recovery without the substrate .concentration falling so much as to become 

rate-limiting, b) there is no product inhibition and c) the enzyme does 

not become denatured during the course of ihe incubation. An eXPression 

for the variation in the amount of product formed with time is derived in 

Fig. 5.2. 

5.3 The reversal of inhibition by penicillins of peptidoglycan transpepiidation 

reactions. 

Tynecka and Ward (1975) investigated the incorporation of [
14cJ-!!-

'1 

acetylglucosamine into the cell wall of whole cells of B. licheniformis 94. 

The incorppration is a measure both of peptidoglycan biosynthesis and of 

transpeptidation in this organism and is inhibited by benzylpenicillin. 

After removal of unbound benzylpenicillin, the incorporation of radioactivity 

into the cell wall was reported to be rapidly reversed to 70-87% of the 



Fig. 5.2 Assay of the breakdown of enzyme-inhibitor complexes for enzymes 

that require a period of assay comparable to or longer than the 

half-life of breakdown. 

The substrates for the assay of the enzyme are added at the beginning of 

the period of breakdown of the isolated enzyme-inhibitor complex. Samples 

are removed at intervals and the amount of product formed is determined. 

An expression for the variation of the amount of product formed with time is 

derived. 

At time 0, the enzyme is totally inhibited; all excess inhibitor 

is removea and the substrates are added. 

E = total amount of enzyme 

Assuming a first order breakdown process for the enzyme-inhibitor 

complex, with breakdown constant k, the amount of active enzyme 

at time t, 

Rate of product formation at time t = N.E. (1-e-kt) 

where N is the amount of product formed in unit time 

per unit concentration of active enzyme • 

. 
Amount of product formed between O and time t 

S . 
l 

= 

= 

I N.E • . (1-e -kt)dt 

Amount of product formed by control enzyme, 

S. 
l = 

s 
C 

S = N.E . t 
C 

N·. ( t + 1 (e-k!1)) 
k 

N.t 

= 
et +.1_ce~!1)) 

k 

t 

( 1) . 

(2) 

(4) 

(6) 
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control value . The authors suggested that peptidoglycan synthesis (and 

hence transpeptidation) wa~ reversibly inhibited · by 
0

ben zylpenici ll i n and 

t h i s p r opos a l is n ot con sistent with the p r oposal that PBP1 in B. lichenifor

-mis 94 (by analogy with PBP1 of~- megaterium) is responsible for catalysing 

the transpeptidation reaction by which nascent peptidoglycan is incorp9rated 

into the cell wall; this enzyme being the lethal target of penicillin action. 

PBP1 of B1 . licheniformis 94 forms a covalent complex with benzylpenicillin 

that breaks down with a half-life of 16 min at 35°c, the temperature used 

in the experiments of Tynecka and Ward (Table 3.~). 

However, in the experiments of TynEcka and Ward (1975), unbound benzyl

penicillin was destroyed by treatment with ~- lactamase for 15 min at 35°c 

before the addition of substrates to assay for transpeptidase._activi ty and 

substan tial br eak down of t he benzylpeni cillin-PBP1 complex (50%) would have 

already occurr e tl by the end of this process. Using equation 4 in Fig. 5.2 

the amount of product formed after a gi v en time by an enzyme whose complex 
~ 

wi t h benzy lpenicillin is breaking down wi th a ha l f- life of 16 min (k= 0 .043 
-1 . 

min ) can be ca l culated . All owa nce can b e mad e for the br eak- down of t he 

compl e x during the 15 min incu ba t i on period wi th ~-lactamase before the 

addi t i on of subs trate s by using the formula Sx = Cx+
15

- c
15

; where Sx is 

the amount of product form e d by x min af t er t he 15 mi n pre -incuba ti on and 

et is the amount of product formed in t min if there had been no pre-incuba

tion. The above formula was derived a s suming that ,sufficient ~-lactamase was 

added to destroy all the unbound benzylpenicillin in a n egligible amount of 

time compa~ed to the 15 minute incubati on period. The values of Ct were 

calculated from equation 4, Fig. 5.2. The predicted relationship between 

the amount of product formed and the time after the addition of the subs

trate~ for a reaction being catalysed by an enzyme whose covalent complex 



Fig. 5.3 Reversal of the inhibition by benzylpenicillin of the in viva 

peptidog lycan transpeptidase of B. licheniformis 94. 

The reversal of the inhibition by benzylpenicillin of the incorporation 

of [
14c]-!:_-acetylglucosamine into the cell wall of~- licheniformis 94 was 

studied by Tynecka and Ward (1975). Cells were treated with benzylpenicillin 

(20µg/ml, 20 min, 35°c) followed by incubation with ~-lactamase for 15 min. 

The cells were then resuspended in a cell wall synthesizing medium containing 

[ 14 c]-N-acetylglucosamine and the incorporation of radioactivity into peptido

glycan was determined at intervals (A). 

indicates the theoretical course of the reaction predicted if the 

reaction were catalysed by an enzyme that formed a covalent complex with benzyl-

0 

penicillin that had a half-life of 16 min at 35 C. The curve is calculated 

using equation 4 (Fig. 5.2) and allowance is made for the 15 min incubation 

period with ~-lactamase before the addition of the substrates as described in 

the text. Two theoretical curves are shown: 

(1) assumes that 100% of the transpeptidase activity can be recovered 

(2) assumes that only 87% of the activity can be recovered. 

"O 
a, ... 
0 
I... -

R ~ o .2 4 
u -
C: ::, 

u -0 

> ... E 
u ~ g E 

"O 
0 
er 
X 

"j' 
0 -

ri. 
u 

2 

0 

- --.- -- --

6 

1 

Time ( hr) 

Control 

2 



84 

with benzylpenicillin has a half-life of 16 minis shown in Fig. 5.J. 

Fig. 5.3 compares these theoretical values with the results found by 

Tynecka and Ward (1975). If it is asswned that transpeptidation is 100% 

reversible, then the theoretical curve differs somewhat from the experim

ental results (Fig. 5.3, curve 1), but if transpeptidation is assumed to be 

only 88% reversible (Fig. 5.3, curve 2) then the actual results agree well 

with the theoretical values. It is a possibility that the unrecovered 12% 

of the transpeptidase activity represents transpeptidation catalysed by one 

or more of the other PBPs in this organism whose complexes with benzyl-

penicillin do not break down. 

Hence the data on the recovery after inhibition by benzylpenicillin of 

the natural peptidoglycan transpeptidase of B. licheniformis obtained by 

Tynecka and Ward (1975) are not inconsistent with this reaction being 

catalysed by PBP1 . Since PBP1 ~s the only PBP whose covalent complex with 

benzylpenicillin subsequently breaks down (Fig. 3.12), it follows that if 

transpeptidation is catalysed by any of the BBPs, then that PBP can only 

be PBP1. 

Reynolds and Barnett (1974) studied a coupled natural peptidoglycan 

transpeptidation reaction catalysed by cell-wall/membrane preparations from 

~. megaterium. In this system, incorporation of UDP-!!_-[
1
4c]acetylglucos

amine and UDP-MurNAc-L-Ala-D-G~u-(msA pm-D-Ala-D-Ala) into cross-linked 
-2 

peptidoglycan was measured. The degree of cross-linking of newly $ynthesized 

peptidoglycan (ie. a measure of transpeptidase activity) was determined by 

cleavage of the glycan chains using a muramidase from a strain of Chalaropsis 

(Fig. 1.10). The concentration of benzylpenicillin required to inhibit the 

reaction by 50% (0.1µg/ml, Reynolds and Barnett, 1974) was similar to that 



required to saturate PBP1 by 50% in isolated membranes (o.04µg/ml; table 3.3). 

Both these values were determined at approximately the same concentration 

of membrane protein and the values obtained are measures· of the amounts 

of PBP1 in the tw«i> different preparations. Incubation for labelling the 

PBPs in membranes was at 37°c for 10 min, whereas the assay for transpeptidase 

a ctivity required a 60 min incul::ation at 23°c, and this difference in 

conditions may partly account for the difference in the values found. 

Reynolds and Barnett (1974) investigated whether the transpeptidase was 

reversibly inhibited by henzylpenicillin by removing unbound benzylpenicillin 

by sedimentation and washing of the cell-wall/membrane preparation followed 

by addition of ~-lactamase for 10 min after which time the substrates for 

the assay of transpeptidase ac.t:ivi ty were added and incubation continued 

for a further 60 min. The degree of cross-linking of newly synthesized 

peptidoglycan was 67% of that of a corresponding control that had not been 

treated with benzylpenicillin. The authors had expected that the benzyl -

penicillin-enzyme complex would either bre'akdown immediately o r would 

be completely stab!~ so a series of determinations of enzyme activity after 

different times of incubation was not carried o·ut . 

The experiment was repeated in a different manner to s h ow that the 

transpeptidase activity was slowly recovered with kinetic para meters· 

consistent with the reaction being catalysed by PBP1. The cell-wall/~embrane 

preparation was treated with benzylpenicillin followed by the simultaneous , 
addition of ~-lactamase and the substrates for the transpeptidase assay, and 

0 . incubation. continued at 23 C, the temperature optimum of the reaction 

(Reynolds, 1971). Samples were removed at intervals and the degree of cross~ 

linking of newly synthesized peptidoglycan was determined (see Fig. 5.4 for 

details). The theoretical degrees of cross-linking expected if the reaction 

. I 



Fig. 5.4 Reversal of the inhibition by benzylpenicillin of the peptidoglycan 

transpeptidase of B. megaterium. 

A cell-wall/membrane preparation of~- megaterium was prepared as described 

by Reynolds (1971). 100µ1 (1.5 mg protein) was treated with benzylpenicillin 

0 

(10µg/ml) for 15 min at 23 C followed by destruction of free benzylpenicillin 

by addition of ~-lactamase (1000 units/ml). UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-
2 

D-Ala) and UDP-[
14c]-N-acetylglucosamine were added to final concentrations 

of 1.25mM and 0.625mM respectively (final volume 200µ1) and· incubation continued 

0 
at 23 C. 30µ1 samples were removed at intervals (0-180 min), centrifuged at 

40000 x 1! for 20 min and the cell-wall/membrane pellet resupended in 2 ml of 

0.01M sodium acetate buffer, pH 4.6 and again sedimented. The pellet was 

resuspended in the same buffer (0.1 ml) containing a muramidase from Chalaro

psis (20µg) and the peptidoglycan digested at 37°c for 24 hours. The hydrolytic 

products were separated by paper chromatography using isobutyric acid/ 1M N~OH 

(5/3, v/v) for . 36 hours at 4°C and the radioactive monomer~ dimers and higher 

oligomers detected by autoradiography (Section 2.11). The radioactive areas 

of the chromatogram were cut out and the radioactivity in them determined 

(Section 2.9). The results are expressed as the ratio of the dimers and 

higher oligomers formed by the preparation treated. with benzylpenicillin 

to the amount of dimers and higher oligomers formed by a control preparation 

that had not been treated with benzylpenicillin ( e ). 

The dotted lines show the predicted course of the reaction if it were 

catalysed by an enzyme that formed a complex with benzylpenicillin that had 

0 

a half-life of 40, 50 or 60 min at 23 C. The theoretical curves were calcul-

ated from equation 6 in Fig . 5.2. 
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were catalysed by an enzyme whose oomplex with benzylpenicillin has a 

half-life of 40, 50 or 60 min were calculated from equation 6 in Fig. 5 . 2 •• 

Fig. 5.4 shows that the actual recovery of transpeptidase activity is 

consistent with that expected for an enzyme whose covalent complex with 

benzylpenicillin had a half-life of 50-60 min. The half-life of the 

membrane-bound complex between benzylpenicillin and PBP1 of B. megaterium 

is 60 min under the same conditions (23°c), (Fig. 5.5) whereas the half

lives of the complexes with the other PBPs are all far longer than 60 min 

(Table 3.4). Thus the natural peptidoglycan transpeptidase reaction in 

_!!. megaterium is catalysed by an enzyme that forms a complex with benzyl-

penicillin that is slowly reversible and if this reaction is catalysed by 

any of the PBPs in B. megateri'um, then this PBP can only be PBP1. 

5.4 Discussion. 

The enzyme that catalyses the in vitro peptidoglycan transpeptidase 

reaction in cell-wall/manbrane preparati'0ns of B. megaterium forms a covalent 

complex with benzylpenicillin that subsequently breaks down. It is proposed 

that this enzyme is PBPt. The kinetics of recovery of enzymic activity are 

consistent with the process being catalysed by a single enzyme whose complex 

with benzylpenicillin breaks down obeying first order kinetics. This result 

is in accordance with the previous studies on the reversal of inhibition of 

this system by benzylpenicillin (Reynolds and Barnett, 1974) in which it 

was shown that 67% of the natural peptidoglycan transpeptidase activity was 

r ecover ed ~fter removal of free benzylpenicillin . This obs ervation led 

t h e auth o r s to suppose . that there wer e two transpeptidases catalysing this 

reaction, one irreversibly inhibited by benzylpenicillin and the other 

being immediately reversibly inhibited. other explanations of the results · 



Fig. 5.5 Breakdown of the benzylpenicillin-PBP1 complex of B. megaterium 
0 

at 23 C. 

1 ml of membranes of_!!. megaterium (10 mg protein/ml) were incubated with 

[ 1
4C]benzylpenicillin at 10µg/ml .for 15 min at 23°c followed by the addition 

. 0 of 1000 units of ~-lactamase and incubation was continued at 23 C. 50µ1 

samples were removed at intervals and subjected to dodecylsulphate/poly

acrylamide gel electrophoresis as described in Section 2.6. The PBPs were 

detected by fluorography and the amount of [ 14c]benzylpenicillin remaining 

bound to PBP1 was measured by densitometry of the X-ray film. 

-~ 0 -
-0 
C 
:::, 
0 

.0 

C --
u 
C 
(1) 
a. 
->. 
N 
C 
(1) 

CD 

u 
~ 

40 
MIN 

80 120 1 0 0 ~--------'------tL---......__......._ _ __._ _ ____. 

50 --------------------

B. megater i um 

Release of 
radioactivity 
from PB P 1 
at 23° 

tv • 60 min 
. 2 ·~ 

20 



' . 87 

that were proposed were that the initial binding of benzylpenicillin might 

have caused a conformational change in the protein that resulted in reduced 

enzymic activity and may not have been completely reversed on removal of 

free antibiotic, or that the cells contained 11 old enzyme" that retained its 

catalytic activity whilst having lost its ability to bind benzylpenicillin 

irreversibly. However, it is not necessary to suggest any of these explan-

ations as the result obtained by Reynolds and Barnett .(1974) is not 

inconsistent with there being only one transpeptidase. Breakdown of the 

benzylpeniciliin-enzyme complex was occurring during the 1 hour incubation 

period used by Reynolds and Barnett to estimate the degree of inhibition 

of the enzyme, 

. 
Similar studies on the reversal of the inhibition of penicillin-sensitive 

erizymes have been made by Wickus and Strominger (1972) on the model trans-

peptidase and DD-carboxypeptidase activities of the membranes of B. megaterium 

and by Ward (1974) on the peptidoglycan transpeptidase of~- licheniformis. 

In these experiments, only one determinatton of the recovery of enzyme activity 

was made and the results obtained should be interpreted in the light of the 

probability that these reactions are being catalysed by enzymes that form 

complexes that reverse slowly. The results obtained by Ward (1974) are 

consistent with ~he hypothesis that the peptidoglycan transpeptidase reaction 

catalysed by cell-wall/membrane preparations of B. licheniformis 94 is 

catalysed by PBP1. It should be possible to prove this suggestion by 

measuring the half-life of the complex formed between benzylpenicillin and 

PBP1 a n d comparing this valu e with the half-life calcnlated from the recovery 

of transpeptidase activity in cell-wall/membrane preparations after inhi bit i on 

with b en zylpenicillin . 

A s tudy of the r ev e r sa l o f the i nhibi t i on o f the pepti dog l ycan trans-



87 

that were proposed were that the initial binding of benzylpenicillin might 

have caused a conformational change in the protein that resulted in reduced 

enzymic activity and may not have been completely reversed on removal of 

free antibiotic, or that the cells contained 11 61d enzyme" that retained its 

catalytic activity whilst having lost its ability to bind benzylpenicillin 

irreversibly. However, it is not necessary to suggest any of th~se explan

ations as the result obtained by Reynolds and Barnett (1974) is not 

inconsistent with there being only one transpeptidase. Breakdown of the 

benzylpeniciliin-enzyme complex was occurring during the 1 h9ur incubation 

period used by Reynolds and Barnett to estimate the degree of inhibition 

of the enzyme, 

Similar studies on the re~ersal of the inhibition of penicillin-sensitive 

erizymes have been made by Wickus and Strominger (1972) on the model trans-

peptidase and DD-carboxypeptidase activities of the membranes of B. megaterium 

and by Ward (1974) on the peptidoglycan transpeptidase of.!!• licheniformis. 

In these experiments, only one determinati~n of the recovery of enzyme activity 

was made and the results obtained should be interpreted in the light of the 

probability that these reactions are being catalysed by enzymes that form 

complexes that reverse slowly . The results obtained by Ward (1974) are 

consistent with ·the hypothesis that the peptidoglycan transpeptidase reaction 

catalysed by c~ll-wall/membrane preparations of B. licheniformis 94 is 

ca talysed by PBP1. It should be possible to prove this suggestion by 
1 

measuring the half-life of the complex formed between benzylpeniciliin and 

PBP1 and comparing this value with the half-life calc~lated from the recovery 

of transpeptidase activity in cell-wall/membrane preparations after inhibition 

with benzylpenicillin. 

A study of the reversal of the inhibition of the peptidoglycan trans-
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peptidase of B. megaterium by other ~-lactam antibiotics should yield data 

that can be compared with the half-lives of the complexes formed between these 

antibio,tics and PBP1. A correlation between these values would provide 

further confirmation that PBP1 does catalyse a peptidoglycan transpeptidase 

reaction. Reynolds and Barnett (1974) found that inhibition of this 

reaction by methicillin was 68% reversed under the conditions used, whereas 

the complexes with cephalothin and cloxacillin were much more stable. The 

present study of the breakdown of the complexes between ~-lactams and 

PBP1 of~· megaterium (Table 3.5) showed that the complex with methicillin 

breaks down whereas the complexes with cephalothin and cloxacillin are 

stable. Hence this result provides a preliminary confirmation that PBP1 

of~. megaterium is catalysiryg' a peptidoglycan transpeptidation reaction in 

this organism~ The transpep'tidase of E.coli is reported ta be irreversibly 

inhibited by benzylpenicilHn (Izaki, Matsuhashi and Strominger, 1968) and 

this observation is consistent with the proposal that this reaction is also 

catalysed by PBP1 (Suzuki, Nishimura and '"'Hirota, 1978) a;g Spratt (1977a) 

has shown that PBP1 of E. coli forms a stable covalent complex with benzyl-

0 penicillin that does not break down at 37 C. 

A considerable amount of work has been carried out on the in~ and 

in vitro synthesis of peptidoglycan in Micrococcus luteus (Mirelman, Bracha 

and Sharon, 1974) and Staphylococcus aureus (Rogers, 1967). It would be 

interesting to study the PBPs in these organisms in an attempt to correlate 

the characteristics of the binding of ~-lactams to the PBPs with the inhib

ition of peptidoglycan synthesis. Rogers (1967) reported that after removal 

of excess benzylpenicillin, there was a 40 min delay before peptidoglycan 

synthesis resumed its normal rate and during this period there was a reappear-

ance of binding sites for benzylpenicillin. rt should be possible to correlate 



this process with the breakdown of a benzylpenicillin-PBP complex. 

The method described in this Chapter for following the recovery of 

peptidoglycan transpeptidase activity can only be used in systems where the 

slowest step in the incorporation of the nucleotide precursors into the 

cell wall is the transpeptidation step itself. If some other step is rate

limiting, it would not be necessary to have a 100% recovery of transpeptidase 

activity to observe full recovery of the rate of formation of cross-linked 

peptidoglycan. In these systems, the recovery of transpeptidase activity 

after inhibition by penicillin would be expected to obey kinetics consistent 

with the breakdown of the ~-lactam-transpeptidase complex until sufficient 

transpeptidase activity had been recovered for some other step to become 

rate-limiting. No further recovery of transpeptidase activity could then 

be observed. 

The hypothesis proposed from the information presented in Chapters 4 and 

5 is that PBP1 of.!!_. megaterium isapeptuloglycan transpeptidase and that 

binding of benzylpenicillin to this PBP leads to the death of the cello 
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6. RESUMPTION OF GRO\JTH OF CELLS AFTER INHIBITION BY BEN2YLPENICILLIN. 

6.1 Introduction. 

When it was apparent that the inhibition by benzylpenicillin of the 

natural peptidoglycan transpeptidase in~- megaterium, which is proposed 

to represent the lethal target of penicillin in this organism, was slowly 

reversible, I wondered whether cells would recommence growth after treatment 
with benzylpenicillin followed by addition of ~-lactamase. There might be 

expected to be a delay in the resumption of growth during which the complexes 
between benzylpenicillin and the lethal target break down. As this complex 

0 • ( has a half-life of 12 min at 37 C in~- megaterium ie. the benzy~penicillin-
PBP1 complex, Table 3.4), then t~e resumption of growth might be expected to 
show kinetics consistent with this breakdown • • 

6.2 Reversal of the inhibition of growth of cells. 

The growth of cells in these experimentj was measured turbidimetrically 
by measuring the optical density at 600 nm. It was considered inappropriate 
to follow the growth of cells by plating out a suitable dilution and counting 
the number of colonies formed as further reactivation of inhibited enzymes 
and consequent recovery of growth could occur during the incubation needed 
to visualise the colonies, thus giving misleading results. 

Cells were treated with benzylpenicillin for varying lengths of time 
., followed by addition of ~-lactamase to destroy excess benzylpenicillin. The 

effect of the addition of ~-lactamase on the resumption of growth is shown 
in Figs. 6.1 and 6.2. In the experiments with B. megaterium (Fig. 6.1), 

growth resumed more quickly if the cells were treated at a low (0.2].lg/ml) 

concentration of benzylpenicillin rather than a high (5µg/ml) concentration. 



Fig. 6.1 The recovery of growth of B. megaterium after inhibition by benzyl-

penicillin. 

An exponentially growing culture of~- megaterium was prepared as descr~ 

ibed in Section 2.2.1; when the optical density at 600 nm had reached O.J - 0.4, 

50 ml aliquots were removed and added to flasks c6ntaining benzylpenicillin. 

The flasks were shaken vigorously at 37°c and penicillinase was added to the 

flasks (final concentration of 100 units/ml) at the times indicated. J ml 

samples were removed at intervals and their optical density at 600 nm was 

determined. The experiment was carried out at. two concentrations of benzyl-

penicillin (A) 0.2µg/ml ; (b) 5µg/m1. ~ 
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The longer the time of exposure to benzylpenicillin before addition of 

~-lactamase, the longer the t:bme taken for recovery. There was not however, 

any direct connection between the l _ength of exposure to benzylpenicillin 

and the time taken for recovery. At a concentration of benzylpenicillin of 

5µg/ml, if the addition of ~-lactamase was delayed until exposure had continued 

for 10 min, then the cells did not recover even after a further 2 hours 

incubation. This may be a consequence of the cells having become irreversibly 

damaged during the exposure to benzylpenicillin. Cells treated at 0~2µg/ml 

of benzylpenicillin were able to resume growth eventually without the addition 

of ~-lactamase and this is assumed to be because of endogenous ~-lactamase 

activity in the cells. 

Although addition of ~-lactamase eventually led to a resumption of growth 

in most experiments, it initi~lly promoted the reduction in the optical 

density of cultures treated with benzylpenicillin. This reduction in optical 

density, which could well represent lysis of the cells, was shown by a suitable 
,,, 

s~t of controls not to be due either to the addition of ~-lactamase itself 

or due to the formation of benzylpenicilloic acid as a result of ~-lactamase 

action. The lytic effect before recovery was more pronounced at low concent

rations of benzylpenicillin than at high ones. 

Similar experiments were carried out with B. subtilis and it was again 

found that addition of ~-lactamase enabled the cells to regain the normal 

;ate of growth after inhibition by benzyl~enicilli_,n (Fig. 6.2,. It was again 

noticed that the cells eventually recovered without addition of ~-lactamase 

but the ini:t_ial reduction of optical density caused by ~-lactamase on cultures 

of!• megaterium treated with benzylpenicillin was not observed with B. 

subtilis. Cells treated with high concentrations of benzylpenicillin (5µg/ml) 

recovered more rapidly than cells treated at 0.2µg/ml provided that ~-!act-

I 

11 

I 



Fig. 6.2 The recovery of growth of B. subtilis after inhibition by benzyl-

penicillin. 

The same protocol was adopted as des cribed in the legend to Fig. 6.1 

with the exception that B. subtilis was used instead of B. megaterium. 

Cells were treated with benzylpenicillin at: (A) 0.2µg/ml or (B) 5µg/ml. 

1 
0 
0 

1 

0·8 

0·6 

~0·4 
ci 
d 

0·2 

Fig. 6.2(A). 

0 

2 
Control 

10 
0 

Time before 
pen'ase (min) 

I -penase 
and 

30 

'-./0 

40 80 120 

Time (min) 



1 Control 
Time before 

0 

// 
2 pen'ase (min) 

0·8 
10 

30 
• • 

I I -pen'ase 

0·6 ;· / 
......... 
E 

/t, 
C 
0 ~/. 
0 
~0·4 
d 
d 

~ 

0·2 

0. 40 80 120 

Time (min) 

Fi g • 6 • 2 ( B ) • 



amase was added within JO min. 

6.J Discussion. 

It has not been possible to correlate the resumption of growth after 

inhibition by benzylpenicillin with the breakdown of a complex between. 

benzylpenicillin and a penicillin-binding protein. However, resumption of 

growth cannot be expected to be a realistic measure of the breakdown of 

a penicillin-enzyme complex. Cells that have been lysed by penicillin will 

never be able to grow again even after the period necessary for the breakdown 

of the complex and it is not known by how much the peptidoglycan transpept-1 

idase has to be inhibited for growth of the cell to be affected. 

In a cell treated with penicillin, there is still preswnably ~~ 

synthesis of penicillin-binding proteins which, if free benzylpenicillin 

has been removed, will be able to catalyse the penicillin-sensitive reactions 

necessary for the growth of the cell. Thus it may not be necessary for the ,,, 
complexes between penicillin and the penicillin-sensitive enzymes to break 

down for growth to recommence. Experiments in which chloramphenicol had 

been added to prevent protein synthesis would be valueless as the addition 

of this inhibitor would itself prevent growth. 

The reason why the addition of ~-lactamase to cultures of~· megaterium 

treated with benzylpenicillin initially caused a reduction in the optical 

density of the culture is not known~ Addition ofry ~-lactamase will result 

in a reactivation of those enzymes whose complexes with benzylpenicillin 

break down _rapidly and penicillin-binding proteins can be synthesized~ 

novo without their becoming inhibited by benzylpenicillin. Those proteins 

that form more stable complexes with benzylpenicillin will, however, not 

be reactivated. Hence it is possible to have a temporary situation in which 
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the penicillin-sensitive activities are more unbalanced than if benzyl

penicillin were present all the time. This inbalance may result in an 

increased rate of lysis of the cells although, as is discussed in Section 

1.7, the mechanism by which a disturbance of peptidoglycan metabolism 

triggers cell lysis is not understood. 

The growth of cells of_!!. subtilis recovered more quickly after 

destruction of free benzylpenicillin when treated with high concentrations 

of the antibiotic. Fagle (1948, 1951) and Fagle and Mus ,selman (1948) have 

shown that many strains of bacteria are killed more quickly by lower 

concentrations of penicillin than by higher ones. This result can be 

explained in a number of ways: firstly, it is possible that penicillin 

interacts with its lethal target at low concentrations thus resulting in the 
• death of the cell, whereas at higher concentrations, penicillin is binding 

to other PBPs in the cell (eg • . the DD-carboxypeptidase) and the binding to 

these more resistant sites may exert a mitigating effect on the lethal action ,,, 
caused by binding to the sensitive site. A second possibility is that partial 

inhibition of a penicillin-sensitive reaction (by partial binding of penicillin 

to a PBP) may be more lethal to the cell than complete inhibition of this 

reaction (ie . saturation of a PBP). Tipper and Strominger (1968) observed 

that low concentrations of benzylpenicillin were more effective at killing 

Staphylococcus aureus than higher ones . They postulated that in the p r esence 

of low concentrations of penicillin, the peptidog} ycan t r anspeptidase would 

be partially inhibited and a weakened cell wall would be formed thus 

r ender ing the cell s usceptible to lysis . At high concentrations of penicillin 

cel l wa l l synthesis ceases abrup t l y because of c omplete inhibi tion of the 

transpeptidase and a weakened wal l i s n ot f ormed . 

It was no t iced in all expe rime n t s, t hat when growth res ume d, the rate 

o f growth very rapidly attained the rate found in the control culture. 
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This suggests that after a certain period, the population of bacteria 

simultaneously and rapidly recovered from inhibition by benzylpenicillin. 

The recovery of growth was not due to outgrowth of penicillin-resistant 

organisms as addition of benzylpenicillin to a culture that had recovered 

without addition of ~-lactamase (see Fig. 6 .1(A)) resulted in inhi bi ti.on 

of growth of these organisms. Hence it would appear that cells are ~ither 

inhibited by benzylpenicillin and do not grow at all or they grow at the 

usual rate. This may imply that there is a threshold level of a penicillin-

sensitive function below which no growth can occur but above which the cells 

grow normally. Presumably during the period before recovery of growth, this 

function is being restored either by de~ synthesis of a protein or by . 
the breakdown of penicillin-enzyme complexes. When the level of this function 

has reached the threshold valµe, normal growth of the cells can resume. 

This "penicillin-sensitive function" may be the synthesis of the cell wall. 

The recovery of the growth of bacteria after exposure to penicillin 

was first reported by Bigger (1944). Further work by Parker and Marsh 

(1946) and Eagle and Mu~selman (1949) with Staphylococci and Streptococcus 

faecaelis showed similar results to those reported here with the Bacilli. 

It was found that the period before resumption of growth was dependent 

on the length of exposure to penicillin. It was also found that when growth 

did resume, the rate of growth very rapidly achieved the rate in the control 

culture. 

i I 
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7. PURIFICATION OF THE PENICILLIN-BINDING PROTEINS OF _!l. MEGATERIUM. 

7.1 Introduction. 

The biochemical approach to elucidatin·g the functions of the PBPs 

involves purification pf the PBPs followed by a study of their in vitro 

enzymic activities (Section 1.8 .2 ) . Previous studies of this nature have 

been centered on the DD-carboxypeptidases but no attempts have been made 

to purify any of the other PBPs present in bacteria. This chapter describes 

attempts to purify the minor penicillin-binding proteins of a member of the 

genus Bacillus in order to obtain samples of the purified PBPs that could 

be tested for in vitro enzymic activity. Bacillus megaterium was chosen as 

the organism for investigation as it has relatively large amounts of the 

minor penicillin-binding proteins (see Table 3.1). In particular, the memb

ranes contain a large amount of PBP1 and as this protein is suggested to 

be a peptidoglycan transpeptidase involved in the lethal action of penicillin 

(Chapters 4 and 5), the ultimate aim of th~s work was to purify this 

protein in order to investigate its biochemical activities and to study 

its interaction with penicillins. 

7.2 Solubilization of the membrane-bound PBPs. 

It is nec~ssary to solubilize a membrane-bound protein before attempts 

can be made to purify it and hence conditions were
1
sought that would result 

in the solubilization of all the PBPs from the membranes of B. megaterium . 

Thorough studies have been made on the solubilization of the DD-carboxy

peptidase of B. subtilis (Umbrei t and Strominger, 1973b), ~- coagulans 

(McArthur, 1976) and B. stearothermophilus (Barnett, 1973). These studies 

indicated that the optimal conditions for the solubilization of the DD-carb-
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oxypeptidase involved treatment with non-ionic detergents and in particular, 

Triton X-100 and Genapol X-100 were found to be effective at solubilizing 

this activity. Che or other of these two detergents have also been used in 

the solubilization of the DD-carboxypeptidases of~- stearothermophilus 

(Yocum, Blumberg and Strominger, 1974), Salmonella typhimurium (Shepherd, 

Chase and Reynolds, 1977) and Proteus mirabilis (Martin, Schilf and Maskos, 

1976). 

The conditions required for the solubilization of all the PBPs of an 

organism are not necessarily the same as those required for the solubilization 

of the DD-carboxypeptidase. Blumberg and Strominger (1972b) used sodium 

chloride in the presence of Triton X-100 tQ achieve solubilizati9n of the 

PBPs of B. subtilis and the addi.-tion of lithium chloride in the presence of 

a non-ionic detergent has been used for the solubilization of the PBPs of S. 

typhimurium (Shepherd, Chase and Reynolds, 1977) and!• coli (Tamura, Imae 

and Strominger, 1976). It is assumed that the addition of these salts is 

ai-ding solubilization by acting as mild cha.otropic agents. The effect of 

the addition of chaotropic agents on the solubilization of the DD-carboxy

peptidase of B. coagulans has been studied by McArthur (1976). 

Of the two non-ionic detergents used in the above studies, Genapol 

X-100 rather than Tri ton X-100 was chosen for the present work as it 

exhibits a far lower absorbance of ultra-violet light. This property 

enables the chromatography of proteins solubilized by Genapol X-100 to be 
1 

monitored by determining the absorbance at 280 nm. 

An investigation of the effect of the concentration of sodium chlori de 

in the presence of Genapol X-100 on the solubilization of the PBPs of B. 

megaterium was carried out as described in Fig. 7.1. The definition of 

"soluble" material used in these studies is material that is not sedimented 

by centrifugation at 165000 x .2_ for 1 hour. Similar definitions of "soluble" 



Fig. 7.1 Solubilization of the membrane-bound PBPs of B. megaterium. 

The effect of the concentration of Genapol X-100 and sodium chloride 

on the solubilization of the membrane-bound PBPs of B. megaterium was 

investigated in the following manner: 

2 ml samples of membranes of~- megaterium (20 mg protein) were treated wi~ 

Genapol X-100 in the presence of sodium chloride in 50mM Tris-HCl, pH 8.o 

0 0 · 
for 10 min at 37 C. The samples were then cooled to 4 C and centrifuged 

for 1 hour in a Beckmann 50 Ti. rotor at 50000 rpm (approx 165000 x ..9.). 

The supernatants (s) were removed and the pellets (P) resuspended in 2 ml 

50 mM Tris-HCl, pH 8.0. 
0 

All samples were dialysed · for 16 hours at 4 C 

against 50 mM Tris-HCl, pH 8.o. 

100µ1 samples were treated with [ 
1
4c] benzylpenicillin for 10 min at 

37°c {final concentration, 10µg/ml) followed by addition of [
12

c]benzyl

penicillin. Protein was precipitated by addition of acetone to 80% {v/v). 

Dodecylsulphate/polyacrylamide gel electroph9resis was performed as described 

in Section 2.6 and .the PBPs detected by fluorography. The fluprogram · is 

shown. 
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Fig. 7.1 Solubilization of the membrane-bound PBPs of B. megaterium. 

The effect of the concentration of Genapol X-100 and sodium chloride 

on the solubilization of the membrane-bound PBPs of B. megaterium was 

investigated in the following manner: 

2 ml samples of membranes of~- megaterium (20 mg protein) were treated with 

Genapol X-100 in the presence of sodium chloride in 50mM Tris-HCl, pH 8.0 

• 
0 c T 4° . for 10 min at 37 • he samples were then cooled to C a'nd centrifuged 

for 1 hour in a Beckmann 50 Ti . rotor at 50000 rpm (approx 165000 x .a>• 

The supernatants (s) were removed and the pellets (P) resuspended in 2 ml 

50 mM Tris-HCl, pH 8.0. All samples were 

against 50 mM Tris-HCl, pH 8.o. 

0 
dialysed · for 16 hours at 4 C 

100µ1 samples were treated with [ 14C]benzylpenicillin for 10 min at 

37°c (final concentration, 10µg/ml) followed by addition of [ 
12

c] benzyl

penicillin. Protein was precipitated by addition of acetone to 80% (v/v). 

Dodecylsulphate/polyacrylamide gel electrophoresis was performed as described 

in Section 2.6 and .the PBPs detected by fluorography. The fluProgram · is 

shown . 
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material have been used by other workers (Barnett, 1973; McArthur, 1976) 

although Penefsky and Tzagoloff (1971) have pointed out that some procedures 

may l ead to . the formation of small membrane fragments that do not sediment 

readily and may thus appear to be solub.le. However, the conditions used 

for centrifugation resulted in a loss of the penicillin-binding activity of 

PBP2 as this PBP could not be detected in the pellet or supernatant of a 

sample that had been centrifuged with or without prior treatment with 

detergent. The reasons for the !ability of this PBP under these conditions 

is not known but this loss of activity has precluded any studies on the 

purification of this protein. 

Treatment of membranes with 1% Genapol X-100 in 50mM Tris-HCl, pH 8.0 

for 10 min at 37°c, resulted in the solubilization of the majority of PBPs 

1, 3, 4 and 5. Complete solubilization was achieved if sodium chloride_was 

added to a final concentration of between 0.5 Mand 2 M. The extraction of 

firmly associated membrane proteins is to some extent dependent upon the 

ratio of detergent to membrane lipid (Hel,.enius and Simons, 1975), and 

treatment with 0.1% Genapol X-100 resulted in only poor solubiliz~tion of 

the PBPs (Fig . 7 . 1) . Solubilization with 5% Genapol X-100 was however not 

significantly differ ent from the use of 1% detergent. 

Cn the basis of the above results, treatment with 1% Genapol X-100 in 

1M sodium chloride, 50mM Tris-HCl, pH 8.0 for 10 min at 37°c was chosen as 

~he standard .conditions for the solubilization of the PBPs of B. megaterium. 

:; 

These conditions are similar to those found suitable for the solubilization 

of the PBPs of B. subtil i s and B. stearothermophilus (Yocum, Blumberg and 

Strominger, 1974 ). 

7.3 Isolation of the PBPs by affinity chromatography. 

The formation of a covalent bond between penicillin-binding proteins 



98 

and ~-lactam molecules has enabled ~hese proteins to be isolated by covalent 

affinity chromatography . The procedure involves the preparation of an 

affinity resin by coupling a ~-lactam molecule to an inert support followed 

by incubation of the sample containing penicillin-binding proteins with the 

resin. The PBPs bind to the resin covalently and the other proteins can 

be removed by washing with salt. The penicillin-binding proteins are then 

eluted from the affinity resin by breaking the bond between the protein and 

the ~-lactam molecule and usually this is achieved by incubation with 

neutralized hydroxylamine. The technique has been used to purify the 

DD-carboxypeptidases of~- subtilis (Blumberg and Strominger, 1972b), 

B. stearothermophilus (Yocum, Blumberg and Strominger., 1974), B. coagulans 

(McArthur, 1976), !• coli (Gorecki!:.!,~, 1975), Micrococcus luteus (Linder 

a rid Saiton, 1975), Proteus mirabilis (Martin, Schilf and Maskos , 1976) and 

Salmonella typhimurium (Shepher d, Chase and Reynolds , 1977) . Covalent affin-

ity chromatography has also been used to isolate the PBPs of B. subtilis 
' ,; 

(Blumberg and Strominger, 1972b), ~- aureus (Kozarich and Strominger, 1978) 

and !• coli (Strominger !:.!, ~, 1974,). Crane !:.!, ~ ( 1973) have isolated a 

penicill inase from~- licheniformis by affinity chromatography using dephalo

sporin C attached to an inert support although a stable covalent bond was 

not formed between the enzyme and the affinity resin in this experiment. 

In order· -to couple a ~-lactam molecule to the inert support, it must have 

a free amino group and a number of ~-lactams with , such a group have been 

successfully employed; E_-aminobenzylpenicillin (Gorecki!:.!,!!.!,., 1975), 

ampicillin . (Pollock et al, 1974; Shepherd, Chase and Reynolds, 1976; Linder 

and Salton, 1975; Martin, Schilf and Maskos, 1976), 6-aminopenicillanic acid. 

(Blumberg and Strominger, 1972b; Strominger et~, 1974; Yocum!:.!, al, 1974) 

or t;:ephalosporin C (Crane et al, 1973). The derivative used in the present 

study was ampicillin and this ~-lactam was chosen as it is readily available 
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in large quantities and was chosen in preference to 6-aminopenicillanic acid 

as the complexes formed between the PBPs of~- megaterium and ampicillin are 

more stabl e (Table 3.5). Ampicillin was coupled to agarose via a diamino

dipropylamine side-arm as has been used previously (Blumberg and Strominger, 

1972b; Pollock et~' 1974; Strominger et~' 1974; Yocum, Blumberg and 

Strominger, 1974). The conditions used for coupling ampicillin to the 

succinylaminoalkyl derivative of Bio~Gel A-15m (Affi-Gel 202) were as 

described by Pollock et~ (1974). 

The PBPs of~- megqterium were solubilized from the membranes using the 

conditions described in Section 7.2. The solubilized material was incubated 

with ampicillin-affinose to which the PBPs bound covalently. Although the . 
majority of the solubilized proteins were not adsorbed to the affinity resin, 

most of' the PBPs were adsorbed (Fig. 7.2, track C). Proteins that bound to 

the affinity resin non-covalently were removed by washing with 1M NaCl in 

50mM Tris-HCl, pH 8 .0 containing 0.1% Genapol X-100. No penicillin-binding 

~ proteins were eluted from the affinity re~in during this washing procedure, 

The PBPs were eluted from the affinity resin by incubation with hydroxylamine 

as described in Section 2.5. Samples of the hydroxylamine eluates were 

examined by dodecylsulphate/polyacrylamide gel electrophoresis (Tracks D-J, 

Fig. 7.2). The profile of proteins in the hydroxylamine eluates, as revealed 

by staining with Coomassie brilliant blue was similar to the profile of 

proteins that bound [ 14C]benzylpenicillin as determined from the fluorogram 
J 

of the gel. Cr.e difference that was noticed was the presence of a protein 

that did no~ bind [ 14c]benzylpenicillin with a molecular weight between those 

of PBPs 4 and 5. This protein appeared to be a major protein in both the 

original membranes and the material solubilized from the membranes and its 

presence in the hydroxylamine eluates may be because of insufficient washing 

of the affinity resin with salt before elution of the PBPs with hydroxylamine . 
1 1 
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Fig. 7.2 Isolation of the PBPs of B. megaterium by covalent affinity chroma

tography. 

200 mg (protein) of membranes (A) from B. megaterium were treated with 

0 1% Genapol X-100 in 1M NaCl, 50mM Tris-HCl, pH 8.0 for 10 min at 37 c. The 

t · 1 th t "f d t 165000 for 1 hour at 4°c followed by ma eria was en cen ri uge a x .2. 

overnight dialysis of the supernatant against 5 1 of 50mM Tris-Hcl, pH 8.o. 

The solubilized material (B) was applied to a column of ampicillin-affinose 

(see Section 2.5) to which the majority of proteins were unads.orbed (C). The 

PBPs were eluted from the affinity resin by successiv~ incubations . at 37°c 

with 2 ml aliquots of neutral 1M hydroxylamine in 0.5M Tris-HCl, pH 8.8 

containing 0.1% Genapol X-100. Hydroxylamine was removed from samples by 

dialysis at 4°c against 2 x 5 1 of 50mM Tris-HCl, pH 8 .o. The period$ of 

incubation with hydroxylamine were O min (D), 0-1 min (E), 1-10 min (F), 

10-JO min (G), 30-100 min (H), 100-300 min (I), 300-500 min (J). 

Samples of the various fractions were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described in Section 2.6. 

(i) Proteins as revealed by staining with Coomassie brilliant blue, . 

(ii) penicillin-binding proteins (PBPs) as detected by fluorography. 

The amounts of the fractions prepared for electrophoresis were: 

(A) 50µ1; (B) 100µ1; (C) 150µ1; (D)-(J) 300µ1. 
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The penicillin-binding proteins in the hydroxylamine eluates corresponded 

to the PBPs present in membranes and the solubilized material, and only 

very minor amounts of proteins that bound [ 14c]benzylpenicillin but did not 

correspond to any of the membrane-bound PBPs were observed. These minor 

proteins were assumed to have been derived from the other PBPs by proteolysis 
---

during purification. Buchanan and Strominger (1976) found considerable 

amounts of proteins that did not correspond to any of the membrane-bound 

PBPs1 in the hydroxylamine eluates when isolating the PBPs of B. subtilis 

by affinity chromatography. By inspection of the fluorogram in Fig. 7.2, 

it is clear that the relative amount of PBP1 in the hydroxylamine eluates 

compared to the other PBPs was less than the relative amount of this PBP in 

the membranes or material solubilized from the membranes. The reason for the 

reduction in the amount of PBP1 m~y be because of partial denaturation of the 

protein during affinity chromatography, thus preventing it from binding to 

the affinity resin and from being detected as a PBP. It was interesting to 

note that when material solubilized from the membranes was stored at -20°c 

before affinity chromatography, the relative amount of PBP1 found in the 

hydroxylamine eluates was further reduced and a precipitate was observed 

in the solubilized material. Hence, the penicillin-binding activity of PBP1 

may be somewhat l a bile after the solubilization of this protein from the 

membranes. 

The rates of elution of each of the PBPs from ampicillin-affinose was 

different; PBP5 was eluted within the first .few minutes incubation with 

hydroxylamine , then PBP1, PBPJ and finally PBP4 after 8 hours. The separation 

of the PBPs achieved by this method was not improved in experiments where 

continuous (rather than batch-wise) elution with hydroxylamine and collection 

of small samples of the eluate was attempted. 

The DD-carboxypeptidase activity of each of the hydroxylamine eluates 
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was determined, and this was found to follow the distribution of PBP5 through-

out the eluates (Fig. 7.3). This result suggests that PBP5 of_!!. megaterium 

is a DD-carboxypeptidase and this result is in1agreement with those from 

work with _!!. subtilis (Blumberg and Strominger, 1972b) and B. stearothermo

philus (Yocum, Blumberg and Strominger, 1974) which showed that the PBPs 

with the lowest molecular weight in both organisms also have DD-carboxypepti-

dase activity. However, in Salmonella typhimurium, PBPs 4 an:l5 both have 

DD-carboxypeptidase activity (Shepherd, Chase and Reynolds, 1977) and to 

ascertain whether more than one of the PBPs of B. megaterium has DD-carboxy

peptidase activity, it was necessary to separate completely PBP5 from the 

other PBPs. 

• The separation of PBP5 from the other PBPs was achieved by extending a 

technique used by Blumberg and Strominger (1972b) in their purification of 

the DD-carboxypeptidase from B. subtilis. The technique exploits the low 
. .. ,,, 

affinity of PBP5 of B. megaterium for cephalosporins. Examination of the 

affinities of the PBPs of~- megaterium for cephalothin (Fig. 3.5) indicates 

that a concentration can be chosen at which the antibiotic binds to PBPs 1, 

3 and 4 but not to PBP5. The PBPs were solubilized from the membranes of 

B. megaterium and treated with cephalothin at 4µg/ml for 10 min at 37°c 

before application to a column of ampicillin-affinose. PBP5 adsorbed to the 

ampicillin-affinose as it did not have cephalothi~ bound to it and was 

subsequently eluted by treatment with hydroxylamine (Fig. 7.4, tracks K,L 

and M). PBP5 was purified to protein homogeneity by this method as shi>wn by 

the presence of a single band both on the Coomassie blue stain and on the 

corresponding fluorogram. A similar technique was used for the purification 

of the DD-carboxypeptidase (PBP5) of B. subtilis (Blumberg and Strominger, 

1972b). 



Fig. 7.3 DD-carboxypeptidase activity of the isolated PBPs of B. megaterium. 

The hydroxylamine eluates obtained as described in Fig. 7.2 (eluates 1-7; 

tracks D-J) were assayed for DD-carboxypeptidase activity. To a 25µ1 sample 

of each eluate was added 2µ1 of 1M sodium acetate buffer, pH 6.0 and 50 nmol 

(5µ1) of UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala). The samples were incubated ' ~2 

at 37°c for JO min and the D-alanine released was measured as described in 

Section 2.4. 
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Fig. 7.4 Use of cephalothin pretreatment for the separation of the PBPs of 

B. mega teri um. 

20 ml (200 mg protein) of membranes of B. megaterium (track A) were 

solubilized as described in the legend to Fig. 7.2 to yield solubilized mat

erial (track B) which was treated with cephalothin (4µg/ml for 10 min at 37°c) 

and applied to a column of ampicillin-affinose. PBP5 was adsorbed to the 

affinity gel and was eluted with hydroxylamine as described in Section 2.5. 

The periods of incubation with hydroxylamine were 0-1 min (K); 1-10 min (L) 

and 10-JO min (M). The unadsorbed material (C) was treated with 0.5M hydrox

ylamine in 0.5M Tris-HCl .. pH 8.8 for JO min at J7°C followed by dialysis. against 

. 0 
50mM Tris-HCl, pH 8.0 for 16 hours at 4 C. This material (D) was then applied to 

another column of ampicillin-affinose to which the majority of proteins were 

unadsorbed (E). The PBPs were eluted from the affinity resin by successive 

incubations with 2 ml aliquots of hydroxylamine (Section 2.5) for the follow

ing periods: 0-1 min (F), 1-10 min (G); 10-JO min (H), J0-100 min (I). and 

100-400 min (J). 

Samples of the various fractions were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described in Section 2.6. 

(i) Proteins as r e vealed by staining with Coomassie brilliant blue, 

(ii) Penicillin-binding proteins (PBPs) detected by fluorography . 

The amounts of the fractions prepared for electrophoresis were: 

(A) 50µ1; (B) 75µ1; (C) 150µ1; (D) 75µ1; (E) 150µ1 ; (F)-(M) 400µ1. 
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PBPs 1, 3 a.nd 4 were not adsorbed to ampicillin-affinose in the above 

experiment as they were already complexed with a ~-lactam molecule, namely 

cephalothin. The ability to be able . to isolate the PBPs of .!!.• megaterium 

by affinity chromatography shows that hydroxylamine can break the covalent 

bond between ampicillin and the PBPs and I wondered whether treatment with 

hydroxylamine would also break the bond between cephalothin and PBPs 1, 3 and 

4. To test this possibility, material solubilized from the membranes of 

B. megaterium was incubated with cephalothin at 4µg/ml for 10 min at 37°c 

followed by addition of an equal volume of 1M neutralized hydroxylamine 

in 0.5M Tris-HCl, pH 8.8. The sample was incubated at 37°c for 30 min 

followed by dialysis against 2 x 5 1 of 25mM Tris-HCl, pH 8.0; a control 

was taken through the same procedures but without incubation with _cephalothin. 

In'cubation of.the samples with'[ 14c]benzylpenicillin followed by examination 

of the penicillin-binding proteins by dodecylsulphate/polyacrylamide gel 

electrophoresis and fluorography showed that cephalothin had been removed 

from PBPs 1, 3 and 4 as the amounts of [ 14cJbenzylpenicillin bound to these 

PBPs was the same as in the control. A further sample that had been treated 

with cephalothin but not with hydroxylamine followed by dialysis, showed no 

binding of [ 14 c]benzylpenicillin to PBPs 1, 3 and 4. Hence, this experiment 

shows that the bond between cephalothin and the PBPs of!• megaterium can be 

broken by treat~ent with hydroxylamine. 

The material that was unadsorbed to the affinity resin was treated with 
1 

hydroxylamine as described above to remove cephalothin from PBPs 1, J and 4. 

When this treated material (Fig. 7.4, track D) was applied to a further column 

of ampicillin-affinose, PBPs 1, 3 anl4 were adsorbed to .the column and could . 

be eluted with hydroxylamine (Fig. 7.4, tracks F-J). The remainder of the 

proteins solubilized from the membranes were again unadsorbed to ampicillin

affinose (Fig. 7.4, track E). The . order of elution of PBPs 1 , J and 4 was 

11 
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the same as before (Fig. 7.2) and there was no trace of PBP5 in any of the 

hydro:xylamine eluates from the second stage of affinity chromatography 

(Fig. 7.4, tracks F-J). There was a good correlation between the protein 

bands revealed by sta ining with Coomassie brilliant blue and the bands on 

the fluorogram. 

The hydro:xylamine eluates were tested for DD-carbo:xypeptidase activity 

by incubation of 20µ1 samples with 50 nmol (5µ1) of UDP-MurAc-L-Ala-D-Glu-

0 (msA pm-D-Ala-D-Ala) or L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) at 37 C. Chly -2 -2 
fractions that contained PBP5 (Fig . 7 .4, tracks K, Land M) showed DD-carbo:xy-

peptidase activity towards these substrates. Samples containing PBPs 1, 3 

or 4 but not PBP5 did not show any release of D-alanine from these substrates . 

even with prolonged incubation or in the presence of 10mM MgC1
2 

or at pH 

6.0 or at pH 8.8, suggesting that none of the PBPs 1, 3 or 4 of B. megaterium 

is a DD-carbo:xypeptidase towards these substrat e s . 

7.4 Separation of the PBPs by ion-exchanefe chromatography. 

Considerable success has been achieved recently in the separation of 

the solubilized PBPs of Salmonella typhi murium by ion- exchange chromato

graphy on DEAE-Sepharose (Shepherd , Chase and Reynolds, 1977), Hence an 

experiment was performed to see whether the same technique could be used to 

separate the PBPs of~- megaterium followed by isolation of the PBPs from 

the fractions by covalent affinity chromatography. The same conditions were 
J 

used as previously described by Shepherd, Chase and Reynolds (1977) with 

the exception that a steeper gradient of sodium chloride was used (0-0.5 M 

NaCl in 2 l of buffer rather than 0-0.3 M NaCl in 2 l of buffer}. The pres-

ence of penicillin-binding proteins in the fractions obtained by ion-exchange 

chromatography was assayed by treating a sample of alternate fractions with 

[ 14
c]benzylpenicillin followed by fractionation of the proteins by dodecyl-
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sulphate/polyacrylamide gel electrophoresis and the detection of the 

radioactive penicfllin-binding proteins by fluorography. As 26 samples 

can be run simultaneously on a single slab gel, the large number of fractions 

obtained from the chromatographic procedure can be assayed for PBPs relatively 

easily. Fig. 7.5 shows that some separation of the penicillin-binding 

proteins was achieved; PBP5 and PBP3 were eluted first but were not completely 

separated from each other . These proteins were eluted in a small number 

of fractions compared with PBP1 and PBP4 which were present in a large 

number of fractions. PBP4 was completely separated from PBP1 in fractions 

25-31 (Fig. 7.5) but all fractions that contained PBP1 also contained PBP4. 

The DD-carboxypeptidase activity of each fraction was determined and 

:found to correlate with the dis.tribution o:f PBP5 throughout the column eluate 

(Fig. 7.6). This result con:firms the previous studies in which the PBPs 

were isolated by a:f:finity chromatography (Section 7.3) that also indicated 

that PBP5 was the only PBP in~- megaterium that has DD- carboxypeptidase 

activity~ .. The distribution o:f the penicillin-binding proteins o:f ~

megaterium throughout the column eluate after ion-exchange chromatography 

was extremely reproducible when the process was repeated with sub sequent 

batches of membranes. Fig. 7.7 is included :for comparison with Fig. 7.5 . 

The elution pro:file o:f the PBPs o:f ~- megaterium was remarkably 

similar to that observed previously with the PBPs o:f ~- typhimurium 

(Shepherd, Chase and Reynolds, 1977). In both studies , the PBP with the 

' lowest molecular weight (PBP5) was eluted first,followed by PBP4 and then 

PBP1, thes~ latter two PBPs appearing in a large number o:f fractions. 

The "streaking" observed with these PBPs may be because these proteins are 

present in solution in detergent/protein micelles. These micelles may behave 

anomalously during ion-exchange chromatography. The formation of such 

micelles has been discussed by Tan:ford and Reynolds (1976) and the DD-carb-

! I 

I 



Fig. 7.5 Separation of the penicillin-binding proteins of B. megaterium by 

ion-exchange chromatography. 

20 ml (200 mg .. protein) of membranes of B. megaterium were solubilized with 

1M NaCl, 1% Genapol X-100, 50mM Tris-HCl, pH 8.0 as described in Section 7.2. 

The solubilized material was dialysed against 50mM 2-amino-2-methyl-1,J-prop

anediol/HCl, 0.1% Genapol X-100, pH 9.5 and applied to a 200 ml column of 

DFAE-Sepharose CL-6B equilibrated in the same buffer. The column was eluted 

at 4°c with a linear gradient of NaCl (0-0.5M) in 2 1 of the above buffer 

at 80 ml/hr and 20 ml fractions were collected. 1 ml samples of alternate 

fractions were prepared for dodecylsulphate/polyacrylamide gel electrophoresis 

and fluorography as described in Section 2.6. 

(a) Proteins as revealed by staining with Coomassie brilliant blue. 

(b) Penicillin-binding proteins (PBPs) as detected by fluorography. 
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Fig. 7.6 Distribution of DD-carboxypeptidase activity after ion-exchange 

chromatography of material solubilized from the membranes of 

B. megaterium. 

25µl of alternate fractions (obtained as described in Fig. 7,5) were added 

; 

to 5µ1 of 1 M sodium acetate buffer, pH 6.0 and 50 nmol (5µ1) of UDP-MurNAc-

0 L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) and incubated for 5 hours at 37 C. The 
- 2 . 

D-alanine ,released was measured as described in Section 2.4. 
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Fig . 7.7 Separation of the penicillin-binding proteins of B. megaterium by 

ion-exchange chromatography. 

The procedure described in Fig. 7 .5 was repeated with a_ subsequent 

batch of membranes. This figure is included to demonstrate the reproducibility 

of the separation of the PBPs by this procedure . 

(a) Proteins as revealed by staining with Coomassie brilliant blue, 

(b) Penicillin~binding proteins (PBPs) as detected by fluorography. 
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oxypeptidase of B. subtilis was found to exist in solution as a protein

detergent aggregate of molecular weight 350000 after solubilization from 

the membrane.s with Triton X-100 (Unbreit and Strominger, 1973a). These 

micelles were thought to contain 3 molecules of protein and 300 molecules of 

detergent. The formation of protein/detergent micelles prevents the separation 

of the isolated PBPs of_!!. megaterium on the basis of their molecular weight 

by gel filtration on Sephadex G-200 as all the PBPs were found to elute 

in the void volume (H.A. Chase, unpublished results). 

Buchanan, Hisa and Strominger (1977) have attempted to separate the 

isolated PBPs of B. subtilis by ion-exchange chromatography on DEA.E-cellulose. 

These authors were able to partially separate PBP5 from the other PBPs but 

no separation of PBPs 1-4 was achieved. Some earlier work that I performed 

to attempt to ·separate the PBP.s of _!!. stearothermophi lus by ion-exchange 

chromatography on DEA.E-cellulose also failed as all the PBPs were eluted 

in a large number of fractions a11d were not separated from each other. These 

resufts would suggest that DEA.E-cellulose is 'not as Ul;leful as DEA.E-Sepharose 

as an ion-exchanger for the separation of proteins in non-ionic detergent 

solution. 

7.5 Purification of PBP1. 

Although none of the fractions obtained by ion-exchange chromatography 

of the PBPs of._!!. megaterium contained PBP1 as the only penicillin-binding 
; 

protein, it was still possible to purify PBP1 from some of the fractions. 

The previous s _tudy of the elution of the penicillin-binding proteins from 

ampicillin-affinose (Fig. 7.2) had shown that PBP1 is eluted earlier than 

PBP4 and therefore these two PBPs can be separated from each other by this 

procedure. Fractions 35-40 (Fig. 7.5), containing the majority of PBP1 

eluted from DEA.E-Sepharose together with some of PBP4 were pooled and concen-
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trated by ultrafiltration. The PBPs were then isolated by covalent affinity 

chromatography on ampicillin-affinose. Examination of the hydroxylamine 

eluates by dodecylsulphate/polyacrylamide gel electrophoresis showed that 

PBP1 had been purified to protein homogeneity as a single band was visible 

after staining with Coomassie brilliant blue (Fig. 7.8(i)). However, minor 

amounts of other penicillin- binding material were reMealed by fluorography 

(Fig. 7.8(ii)) although PBP1 constituted at least 95% of the material 

present. These minor bands were also present in the concentrated pooled 

fractions from ion-exchange chromatography (Fig. 7.8, track B) and may have 

been derived from PBP1 by proteolysis during solubilization, chromatography 

and dialysis. A small amount of PBP1 was not aasorbed to the affinity resin 

(Fig. 7.8, track C) but the reason for this is not known. 

7.6 Purification of PBP4. 

Examination of the profile of PBPs separated by ion-exchange chroma

tography showed that several fractions contained PBP4 as the only penicillin

binding protein (Fig . 7.7). Fractions 33, 34 and 35 were pooled and concen

trated by ultrafiltration. PBP4 was then isolated by covalent affinity 

chromatography on ampicillin-affinose. Examination of the hydroxylamine 

eluates by dodecylsu lphate/p olyacrylamide gel electrophoresis showed that 

PBP4 had been purified to homogeneity, as a single band was vis i ble after 

staining with· Coomassie brilliant blue (Fig. 7.9(a)) and on the cor responding 

fluorogram (Fig . 7.9(b)). 

7 . 7 Puri f i ca t i o n o f PBP3. 

It has not proved possible to separate PBP3 from PBP5 by ion-exchange 

chromatography (Fig. 7.5, 7.7) so the technique used above in Section 7.6 

could not be used to isolate PBP3. Also, although PBP3 is eluted from 



Fig. 7.8 Isolation of PBP1 of B. megaterium from fractions obtained by ion-

exchange chromatography. 

Fractions 35-40 (obtained as described in Fig. 7.5) were pooled and concen-

trated to 10 ml by ultrafiltration using an Amicon UM10 membrane. The concen

trated material (Track B) was then applied to ampicillin-affinose to which 

the majority of the proteins were unadsorbed (track C). PBP1 was eluted from 

the ampicillin-affinose by treatment with hydroxylamine as described in Section 

2.6. The periods of incubation with hydroxylamine were O min (D), 0-1 min (E), 

1-10 min (F), 10-30 min (G), 30-100 min (H), 100-300 min (I). Track A is a 

sample of membranes from B. megaterium. 

Samples of the various fractions were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described in Section 2.6. 

(i) Proteins as revealed by staining with Coomassie brilliant blue, 

(ii) Penicillin-binding proteins (PBPs) as detected by fluorography. 

The amounts of the samples prepared for electrophoresis were: 

(A) 50µ1; (B) 150µ1; Cc) 300µ1; (D)-(r) 400µ1. 
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Fig. 7.9 Isolation of PBP4 of B. megaterium from fractions obtained by ion-

exchange chromatography. 

Fractions JJ, J4 and 35 (obtained as described in Fig. 7. 7) were poo.led and 

concentrated to 5ml by ultrafiltration using an Amicon UM10 membrane. The 

concentrated material (Track A) was then applied to ampicillin-affinose to 

which the majority of proteins except PBP4 were unadsorbed (track B). PBP4 

was eluted from ampicillin-affinose by treatment with hydroxylamine (as described 

in Section 2.5). The periods of incubation with hydroxylamine were O min (D), 

0-1 min (E), 1-10 min (F), 10-JO min (G), J0-100 min (H), 100-JOO min (I). 

Track C is a sample of membranes of B. mega terium ·. 

Samples of the various fractions were prepared for dodecylsulphate/poly-

acrylamide gel electrophoresis as described in Section 2.6. 

(a) Proteins as revealed by staining with Coomassie brilliant blue. · 

(b) Penicillin-binding proteins (PBPs) as detected by fluorography. 

The amounts of the fractions prepared for electrophoresis were: 

(A) 100 µl; (B) JOOµ!; (C) 50µ1; (D)-(I) JOOµl. 

-
I 

<.!) 

lL 

w 
0 

u 

m 
<( 

-
I 

<.!) 

LL 

w 
0 

u 

co 
<( 

a.. 
CD 
a.. -

,, 

,...... 
..c ..._,, 



107 

ampicillin-affinose before PBP5, the rates of elution of these two PBPs 

is not sufficiently different to be able to separate these two proteins 

as was possible with PBPs 1 and 4 in Section 7.5. Hence, in order to 

separate PBPs J and 5, it was necessary to use the technique described in 

Fig. 7.4 that exploits the selective binding of cephalothin to .PBPJ. 

Fractions 27, 28 and 29 (Fig. 7.7), containing PBPJ and some PBP5, 

were pooled and concentrated by ultra-filtration followed by treatment with 

cephalothin under conditions where it should bind selectiv.ely to PBPJ. The 

material was then subjected to covalent affinity chromatography on ampicillin

affinose, to which PBP5 was bound (and was subsequently eluted with hydrox~ 

ylamine) whereas PBPJ was not adsorbed to the column as it had cephalothin 

bound to it. Cephalothin was r~m'oved from PBPJ by treatment with hydroxyl

amine 'followed by dialysis and•this material was then subjected again to 

covalent affinity chromatogra~hy. PBPJ was adsorbed to the column and was 

eluted with hydroxylamine. Examination of the hydroxylamine eluates by 

dodecylsulphate/polyacrylamide gel electrophoresis sµowed that PBPJ had been 

obtained pure in two fractions (Fig. 7.10, tracks F and G) although the 

earlier four fractions did contain some PBP5. Some fractions contained 

smal+ amounts of penicillin-binding material that did not correspond to 

any of the penicillin-binding proteins and these are assumed to have been 

derived from PBPJ and PBP5 by proteolysis. The presence of PBP5 in these 

fractions was not expected as it indicated that some PBP5 had been unadsorbed 

1 

to ampicillin-affinose during the first stage of affinity chromatography. 

It is a p9ssibility that partial binding of cephalothin to PBP5 occurred 

under the conditions used. 
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Fig. 7.10 Isolation of PBPJ of B. megaterium from fractions obtained by ion-

exchange chromatography. 

Fractions 27, 28 and 29 (obtained as described in Fig. 7.7) were pooled 

and concentrated to 5 ml by ultrafiltration using an Amicon UM10 membrane . 

The concentrated material was treated with cephalothin at 5µg/ml for 10 min 

at 37°c and applied to a column of ampicillin-affinose. PBP5 was adsorbed to 

the affinity resin and was eluted by treatment with hydroxylamine (Section 2.5). 

The unadsorbed material was treated with an equal volume of 1M neutral hydrox-

0 ylamine, 0.5M Tris-HCl, 0.1% Genapol X-100, pH 8.8 for JO min at 37 C followed 

by dialysis against 2 x 5 1 of 50 mM Tris-HCl, pH 8.0 at 4°c. The dialysed 

material was applied to another column of ampicillin-affinose to which PBPJ 

and some PBP5 were ads orbed. The PBPs were eluted from ampicillin-affinose 

by hydroxylamine (Section 2.5). The periods of incubation with hydroxylamine 

were O min (B); 0-1 min (C); 1-10 min (D); 10-JO min (E); J0-100 min (F); 100-

JOO min (G). Track A is a sample of membranes of~- megaterium. 

Samples of the various fractions were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as describ~d in Section 2.6. 

(a) Proteins as revealed by staining with Coomassie brilliant blue, 

(b) Penicillin-binding proteins as detected by fluorography. 

The amounts of the fractions prepared for electrophoresis were: 

(A) 50µ1; (B)-(G) JOOµl. 
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7.8 Discussion. 

The p urification of PBPs 1, 3 and 4 of~- megaterium is to my knowledge 

the f i rst r eported purification of any membrane-bound penicillin-binding 

proteins apart :from the low molecular weight PBPs that have DD-carboxypeptidase 

activity. PBP5 of~- megaterium has also been purified and shown to have 

DD- carboxypeptidase activity. Presumably this PBP is responsible for the 

DD-carboxypeptidase activity observed in the membranes of~- megaterium 

by Reynolds and Barnett (1974), Diaz-Maurino, Nieto and Perkins (1974) and 

Marquet, Nieto and Diaz-Maurino (1976). This suggestion could be confirmed 

by a study of the properties of the purified enzyme and a comparison of 

these with the properties of the membrane-bound enzyme. 

All the penicillin-binding p_roteins of~- megaterium except PBP2 can now 

be obtained in a pure form and this is an important step in elucidating the • 
biochemical functions of these proteins. Fig . 7 . 11 shows a dodecylsulphate/ 

polyacrylami de gel with samples of purified PBPs 1, 3, 4 and 5 run in 

neighbouring tracks. It has not been possible to purify PBP2 as this protein ·~ 

appears to lose its ability to bind [ 14 c]b~nzylpenicillin under the conditions 

used to so l ubilize the PBPs . As PBP1 of~- megaterium is thought to be 

the target o f penicillin action in this organism, its purification should 

enabl e the me chani sm of ac t ion of penicillin t o b e studied at the molecular 

level . 

Separation ·of peni c illin-binding proteins by ion-exchange chromatography 

on DEA.E-Sepharos e followed by i s olati on of t h e PBPs 1 by c ovalent affinity 

chromatography should be a technique than can be u s ed generally in the 

puri f icati on of P BPs from o t her organisms. Such a metho d has been used in 

the purification of PBP1 from.!£• coli, (Chapter 11). 

The similarity in the separation of the PBPs of~- megaterium and those 

of S. typhimurium (Shepherd, Chase and Reynolds, 1977) by ion-exchange 



Fig. 7.11 The purified penicillin-binding proteins of B. megaterium. 

A comparison of the purified PBPs of 12:· megaterium obtained as described 

in Chapter 7. The material used in the various tracks on the gel was as 

follows: 

Track A· 
' 

PBP1 (Fig. 7.8, track F, O.J ml) 

Track B· PBPJ (Fig. 7 .10, track F, 0.2 ml) 
' 

Track C· 
' 

PBP4 (Fig. 7.9, track I, 1 ml) 

Track D· PBP5 (Fig. 7 .4, track L, 1 ml). 
' 

The samples were prepared for dodecylsulphate/:rolyacrylamide gel electro

phoresis as described in Section 2 . 6. 

(a) Proteins as revealed by staining with Coomassie brilliant .blue, 

(b) Penicillin-binding proteins as detected by fluorography. 

0 

u 

CD 

0 

u 

CD 

<( 

a... co~ 
0... 



109 

chromatography would imply that the overall electrical charge carried by 

the proteins from these organisms is similar. However, it seems unlikely 

that the p ro teins from these organisms have similar general properties 

as it is shown later that the PBPs of~- megaterium have higher molecular 

weights than the equivalent PBPs in~- typhimurium (Fig, 11.1; Table 11.1) • 

It is particularly interesting to note that PBP4 of~- megaterium does not 

show in vitro DD-carboxypeptidase activity under the conditions used 

whereas PBP4 of both S. typhimurium and E.coli have DD-carboxypeptidase 

activity. 

No attempt has been made to calculate the yield of penicillin-binding 

proteins in the various methods used to purify these proteins. When purify-

ing a protein that has an enzymic activity that can be readily measured, it 

is possible to calculate the yield of enzymic activity at each step of 

the purifi .cation procedure. However, the only way to obtain a quantitative 

assay of the amount of penicillin-binding protein present in a fraction is 

to fractionate a sample by dodecylsulphate/pol¥acrylamide gel electrophoresis, 

followed by cutting up the gel and measuring the radioactivity in the slices. 

This proce du r e would have to be carried out with samples from each stage 

of the purification procedure and is both time-consuming and expensive. 

It might be possible to obtain a less accurate measurement of the yield by 

densitometry of the relevant tracks on a fluorogram to determine the relativ e 

amounts of the PBPs in the samples. However, in order to be able to assess 
J 

the purity of a PEP, sufficient of the preparation has to be run in a track 

so that the pro te~ns can be detected after staini ng with Coomassie blue and 
• 

the ba nds on t h e f, l uorogra ms p r o duced by these amounts o f purified proteins 

are too dark for their int ens ities to be measured by dens i t ome t r y . Knowledge 

of the yields of purified penicillin- binding proteins would not be of partic-

ular interest in this work as comparison of various methods of purification 

I . 
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is not being attempted. Also, the aim of the w0rk was to obtain pure samples 

of the proteins and hence the actual yield of these proteins was not 

particularly relevant. 

,,, 
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8. PlffiIFICATI<1'J OF PBP1 OF B. LICHENIFORMIS 94 AND ITS INTERACTION WITH 

BENZYLPENI CI LLIN. 

8.1 Affinity chromatography of the PBPs of B. licheniformis 94. 

The PBPs of~- licheniformis 94 were isolated by covalent affinity 

chromatography using the me thods de scribed for~- me gaterium (S e ction 7.3). 

PBPs were solubilized from the membranes using the standard conditions that 

were used for the solubilization of the PBPs of B. megaterium (Section 7.2). 

The solubilized PBPs were applied to a column of ampicillin-affinose to which 

they were adsorbed and the PBPs were subsequently eluted with hydroxylamine. 

Fig. 8.1 shows that PBP1 and PBP4 can be readily.isolated by this technique. 

PBPs 2 and 3 appeared to be mostly unadsorbed to ampicillin-affinose but the 

reas on for this is not known . Th~ DD-carboxypeptidase activity of each 

hydroxylamine e luate was de termine d and found to follow the distribution of 

PBP4 among the e luat e s (Fig. 8.2a ), sugg est i ng that PBP4 of B. licheniformis 

94 is a DD-carboxypeptidas e . 

8. 2 Purifi ca tion of PBP1. 

Th e o bserva tion tha t PBP1 of~- licheniformis 94 is the only penicillin-

bi nd i ng pr otein in this organism who s e cova l ent compl ex with benzyl p eni cilli n 

subsequ ently brea~s down (Fi g. 3.12 ) prov ided t he ba si s fo r a simp l e method 

o f purifi ca ti on of this pr o t e in. A prepa r a tion of membra n e s of~- li chen i 

formi s wa s t r eated wi th benzylpenic i l lin a t 25µg/ml f or 10min at 35° c , 

under which conditions all the PBPs are saturated with the a ntibi o ti c (Fig. 

3.7). ~- lactamase was then a d ded t o des t r oy unboun d ben zrl pen ici llin and 

0 
incubation was continued at 35 C for a period (45 min) equal to approximately 

three times the half-l i fe of the benzylpenicillin-PBP1 complex (16 min; Table 

3 .4) . During this period , more than 85% of the benzylpenicillin-PBP1 complex 



Fig. 8.1 Isolation of the penicillin-binding proteins of B. licheniformis 94 

by covalent affinity chromatography. 

200 mg (protein) of membranes (Track A) of B. licheniformis 94 were treated 

with 1% Genapol X-100 in 1M NaClJ 50mM Tris-HCl, pH 8.o for 10 min at 37°c. The 

0 
material was then centrifuged at 165000 x ~ for 1 hour at 4 C followed by over-

night dialysis of the supernatant against 5 1 of 50mM Tris-HCl, pH 8.0. The 

solubilized material (B) was applied to a column of ampicillin-affinose as 

described in Section 2.5 to which the majority of proteins were unadsorbed (C). 

The PBPs were eluted from the affinity resin by treatment with hydroxylamine 

as described in Section 2.5. The periods of incubation with hydroxylamine were: 

0 min (D); 0-1 min (E); 1-10 min (F); 10-JO min (G); J0-100 min (H); 100-200 min 

(I). 

Samples of the various fractions were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described in Section 2.6. 

(i) Proteins as revealed by staining with Coomassie brilliant blue. 

(ii) Penicillin-binding proteins as detected by fluorography. 

The amounts of the fractions prepared for electrophoresis were: 

(A) 50µ1; (B) 100µ1); (C) 150µ1; (D)-(I) 200µ1. 
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Fig. 8.2 DD-carboxypeptidase activity of the isolated PBPs of B. licheni

formis 94. 

25µ1 samples of each hydro:xylamine eluate were incubated with 2µ1 of 

1M sodium acetate buffer, pH 6.0 and 50 nmol (5µ1) of UDP-MurNAc-L--Ala-D-Glu-

. 0 (msA Pm-D-Ala-D-Ala) for 60 min at 35 C. The D-alanine released was measured 
-2 

as described in Section 2.4. 
{a) Unhatched areas; hydro:xylamine eluates 1-6 (tracks D-I) from the 

procedure described in Fig. 8.1. 

(b) Hatched areas; hydro:xylamine eluates 1-6 (tracks A-F) from the 

procedure described in Fig. 8.J. 
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should break down, whereas the complexes with the other PBPs are stable. 

The prop e rti e s of PBP1 aft e r breakdown of its complex with benzylpenicillin 

a ;ipear to be unchanged from those of the native enzyme. ~-lactamase, which 

would interfere with the subsequent covalent affinity chromatography by 

inactivating the affinity resin, was removed by repeated sedimentation and 

washing of the membranes. The penicillin-binding proteins were solubilized 

from the membranes by treatment with 1% Genapol X-100 in the presence of 

0.5 M NaCl. A preliminary experiment had indicated that PBP1 was completely 

solubilized from the membranes under these conditions, and that solubilization 

did not promote the breakdown of any of the benzylpenicillin-PBP complexes. 

The solubilized material was applied, without prior dialysis, to a column 

. 
of ampicillin-affinose, to which only PBP1 was adsorbed. The other PBPs did 

not adsorb to the affinity resin as they were already complexed to a ~-lactam 

molecule, namely benzylpenicil,lin. PBP1 was eluted from ampicillin-affinose 

by treatment with hydroxylamine and analysis of the hydroxylamine eluates 

by dodecylsulphate/polyacrylamide gel electrophoresis showed that PBP1 had 

been purified almost to homog eneity as judged by the presence of a single 

band revealed both by staining with Coomassi e brilliant blue and from the 

corresponding fluorogram (Fig. 8.3). Very small amounts of PBPs 2 and 4 

were found in some o f the f ra c tions, and this may be because either the 

binding of b e n ~ylpenicillin t o t h e s e PBPs in the membranes was incomplete 

or that the complexes formed with benzylpenicillin broke down s l ightly during 

1 

the purifi cation pro c edure . 

The DD- carboxypeptidase a ctivity of each elua t e was determine d and only 

extr emel y l ow va lue s were fo und (Fi g •• 8.2b) . The s e values fo ll ow the d i s trib

u t i on of the very slight contamination of some of t h e fractions by PBP4 and 

are attributable to the DD- carboxypeptidase activity of this protein rather 



Fi g. 8 .3 Purification of PBP1 of B. licheniformis by covalent affinity chroma-

tography. 

20 ml me mbran es (200mg protein) of~- lichen iformis 94 were treated with 

0 
benzylpenicillin (25µ9/ml) for 10min at 35 C. ~-lactamase was added (100 units/ 

) 
. 0 

ml and incubation con tinued for a further 45 min at 35 C. The membranes were 

then sedimented (40000 x l1_, 20 min, 
0 

4 C) washed twice with ice-cold 50mM Tris-

HCl. pH 8.0 and solubilized with 1% Genapol X-100, 0.5 M NaCl, 50mM Tris-HCl, 

pH 8.0 as described in Section 7.2. The soluble material was subjected to 

covalent affinity chromatography on ampicillin-affinose as described in Section 

2.5. The periods of incubation with h y droxylamine were O min (track A), 0-1 

min (B), 1-10 min (C), 10-30 min (D), 30-100 min (E). 

0.2 ml samples of each fraction were treated with [ 14 c] benzylpenicillin 

and prepared for dodecylsulphate/polyacrylamide gel electrophoresis as described 

in Section 2 . 6 . 

(i) Proteins as revealed by staining with Coomassie brilliant blue, 

(ii) Penicillin-binding proteins as detected by fluorography. 
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than to any activity catalysed by PBP1. 

8.3 Interaction of benzylpenicillin with purified PBP1. 

The interaction of [ 14 c] benzylpenicillin with purified PBP1 from B. 

licheniformis 94 could be studied without the necessity of having to separate 

the penicillin-binding proteins by dodecylsulpahte/polyacrylamide gel electro

phoresis and having to detect and quantify the [ 14 c]benzylpenicillin- PBP 

complexes by fluorography. The complex between [ 14 c]benzylpenicillin and 

purified PBP1 was stabilized by boiling for 2 min after the addition of 

unlabelled benzylpenicillin to terminate the binding of the radioactive 

antibiotic. A preliminary experiment had indicated that boiling did not 

cause breakdown of the complex. Unbound [ 14 c] benzylpenicillin was separated 

from the [ 14 c] benzylpenicillin-PBP1 complex by high-voltage paper electro

phoresis at pH 6.5 under conditions where benzylpenicillin and its breakdown 

products migrate from the origin. The amount of radioactivity remaining 

at ~he or1gin was taken to be a measure of the amount of [ 14 c]benzyl penicillin

PBP1 complex formed. Controls lacking PBP1 were run to estimate the degree 

of non-specific binding of [ 14 c]benzylpenicillin to the origin. 

The effect of varying concentrations of [ 14 c]benzylpenicillin on the 

extent of formation of the benzylpenicillin-PBP1 complex is shown in Fig. 

8.4A. The amount of complex formed reached a plateau after 8 pmol of 

[ 14C]benzylpenicillin had been bound. Assuming that the molecular weight 

of PBP1 is 123000 (the apparent molecular weight obtained by comparison of 

its mobility with proteins of known molecular weight by dodecylsulphate/poly

acrylamide gel electrophoresis), then the amount of PBP1 used in each 

assay was 11 pmol; therefore the ratio of [ 14 c]benzylpenicillin:protein in the 

fully saturated complex was 0.7 : 1 • The concentration of [ 14 c]benzylpenic-
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Fig. 8.4 Binding of [
14

c]benzylpenicillin to the purified PBP1 from B. 

licheniformis 94. 

20µ1 (1.3 µg protein) of PBP1 of~- licheniformis 94 purified as 

described in Fig. 8.J (hydroxylamine eluate J, track C) was incubated for 15 

min with various concentrations of [ 14 c]benzylpenicillin in a total volume 

of JOµ!. [
12

c]benzylpenicillin (2mg/ml) was then added and the samples were 

boiled for 2 min and applied to an electrophoretogram. Unbound [ 14 c]benzyl

penicillin was separated from the [
1
4C]benzylpenicillin-PBP1 complex by 

electrophoresis at pH 6.5 (as described in Section 2.8) for JO min at 60V/cm. 

[ 14 ] . The origins we re cut out in orde r to determine the amount of C benzylpenic-

illin compl e x present by liquid scintillati on counting (Secti;n 2.9). 

(A) Without correction for the breakdown o f the benzylpenicillin-PBP1 comp lex . 

(B) After correction of the results for the breakdown of the b e n zylpeni ci llin

PBP1 compl e x as described in the text. 
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illin required to saturate PBP1 by 50% wa s 0.09 µg/ml (Fig. 8.4A) which is 

hi gh er than the value (0.03~g/ml; Ta bl e 3.3) n eed ed to r esult in a 50% 

saturation of PBP1 in membra n es . However as discussed bel ow, this difference 

is a consequence of the f a c t that ben zylpenicillin and PBP1 react to form 

a stoicheiometric complex. 

The breakdown of the compl ex formed betwee n [ 14 c]benzylpenicillin and 

0 

purified PBP1 obeyed first order kinetics with a half-life of 16 min at 35 C, 

a value identical to that found with the membrane-bound protein (Fig. 3.12). 

This similarity suggests that purification of PBP1 has not affected its 

interacti on with benzylpenicillin . The rate of formation of the c omplex 

between PBP1 and benzylpenicillin was found to be rapid; [ 14 c]benzyl

penicillin at a concentration of 0.2µg/ml saturated the complex within 10 sec 

0 
incubation at 35 C. The rate of formation of the complex was t oo rapid for 

any of the kinetic parameters of the binding reaction t o b e measured. 

As the benzylpenicillin-PBP1 complex has been shown to have a half-life 

of 16 . min at 35°c (Fig . 8.5), some of the com:e.lex formed will have broken 

down . during the 15 min incubation period used to study the effect of the con

centration of benzylpenicillin on the extent of formation of the benzyl

penicillin-PBP1 complex (Fig. 8.4A). In those experiments where a less than 

saturating concentration of benzylpenicillin was used, the amount of complex 

formed at the start of the assay will have been underestimated. If the 

assumption is made that benzylpenicillin forms a stoicheiometric complex with 

., 
PBP1 and that PBP1 liberated after breakdown of the benzylpenicillin-PBP1 

complex can react again with benzylpenicillin with the same kinetics, then 

corrections for the breakdown of the complex can be made as follows: 

1) If the amount of benzylpenicillin added is less than the amount of 

PBP1 (assuming that a 1 : 1 complex is formed) , then the amount of benzyl-

penicillin-PBP1 complex that will be present after 15 min, ie. approximate ly 



Fig. 8.5 Breakdown of the complex formed between purified PBP1 of B. licheni-

formis and be nzylpenicillin. 

200µ1 (1Jµg protein) of purified PBP1 from B. licheniformis 94 (Hydrox

ylamine eluate J, Fig. 8.J, track C) was incubated with [ 14c]benzylpenicillin 

(o.5µg/ml, 10 min , J7°C) followed by the addition of 100 units of ~-lactamase 

0 
and incubation continued at 35 C. 20 µl samples were removed at intervals, 

[ 

12

c] benzy lpeni ci llin ( 10 mg/ml) added and the samples b o iled for 2 min. The 

samples were applied to an electrophoretogram and unbound [ 14cibenzylpenicillin 

was separated from the [
14

c]benzylpenicillin-PBP1 complex by electrophoresis 

at pH 6.5 (Section 2.8) for JO min at 60V/cm. The origins were cut out and 

the radioactivity present measured by liquid scintillation counting (Section 

2 .9). 
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one half-life, will have fallen to 50% of the amount that was present at the 

beginning of the assay. Hence values of the degree of saturation that are 

less than 50% can be corrected by doubling them. This correction also assumes 

that the binding of benzylpenicillin to PBP1 is very rapid at all concentra-

ti·ins; it is possible that when the concentration of benzylpenicillin is 

veiylow, then the time taken for all the benzylpenicillin present to bind 

to the PBP may become significant. This possibility has yet to be investigated 

experimentally. 

2) In order for the complex to be seen to be 100% saturated after a 15 

min incubation, the amount of benzylpenicillin needed to be present initially 

is equal to the amount of PBP1 present plus the amount needed to keep the 

complex saturated during the 15 .min period. The rate of breakdown of the 

.• -1 
fully saturated complex is k min where k is the first order rate constant 

of the breakdown reaction. Hence the amount of benzylpenicillin needed 

to keep the complex saturated for 15 minis 15 x k, ie. the amount of 

benzylpenicillin-PBP1 complex that breaks ddwn during this period. k is 

calculated from the half-life of the complex and 15 x k is equal to 0.64. 

Thus, if the amount of benzylpenicillin present is greater than 164% of the 

amount of PBP1, although breakdown is occurring during the incubation, 

there is still sufficient benzylpenicillin present to react with liberated 

PBP1 to keep i ,t _saturated, and PBP1 will be observed to be 100% saturated 

after the incubation . 

' 
J) If the amount of added benzylpenicillin was between 100% and 164% 

of the amo~nt of PBP1 present, then PBPl will have initially been saturated 

\vith [ 14 c]benzylpenicillin, but the complex will have broken down and as there 

is still some free benzylpenicillin . , some of the liberated PBP1 can react 

again with more benzylpenicillin. This situation gives rise to observed 

values of the degree of saturation of between 50% and 100%; these values 
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should be corrected to 100%. 

After correction has been made for the breakdown of the benzylpenicillin-

PnP1 compl ex , it is apparent that a titration is taking place between PBP1 

and b enzyJpcnicillin (Fig. 8.4B), and until the complex is saturated , all 

the added [ 14 c]benzylpenicillin is bound to PBP1. The amount of [
14

cJ-

benzylpenicillin that resulted in the formation of 50% of the maximum 

amount of c0mplex was 4 pmol, ie. the amount needed to react with 50% of 

the amount of penicillin-binding material present. The titration of PBP1 

with benzylpeniciliin was also observed when the experiment was repeated 

0 . . 

but with the incubation time reduced to 1 min at 35 C, under which circum-

stances, there was no need to correct the results for the breakdown of the 

complex. 

. 
Although it has not been possible to purify large amounis of PBP1 from 

B. megaterium, preliminary studies on the interaction of the purified 

protein with benzylpenicillin using the methods described above, indicate 

that benzylp enicillin also reacts with th{s protein t o form a covalent 

stoicheiometric complex that subsequently breaks down. 

8.4 Discussion. 

PBP1 of Bacillus licheniformis 94 has been purified to protein homo-

geneity using _a one step technique, involving covalent affinity chromatography. 

The procedure used could be readily scaled up in order to isolate large 
; 

amounts of this protein for further studies of its interaction with ~-lactams 

or for investigations of its protein chemistry. The method of purification 

is more satisfactory than that used for the purificati_on of PBP1 of B. 

megaterium (Section 7.5) as the separation of penicillin-binding proteins 

by ion-exchange chromatography is inconvenient. This is because the location 

of the PBPs in the effluent from the column can only be determined by treat-
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ment of samples of column fractions with [ 14 c]benzylpenicillin followed by 

dodecylsulphate/polyacrylamide ge l elttrophoresis and detection of the 

radi oa c t i ve PBPs by fluorography, the complete process taking about two 

weeks. PBP1 of~- licheniformis was separated from the other penicillin-

binding proteins by exploiting the observation that it is the only PBP 

in this organism whose covalent complex with benzylpenicillin breaks down. 

As B. megaterium contains mor e than one PBP whose covalent compl ex with 

benzylpenicillin breaks down, it is not possible to use this technique for 

the purification of PBP1 of B. megaterium. It may be possible to find 

other ~-lactams whose covalent c ,,mplexes with all but one of the PBPs are 

stable, thus enabling a one step purification of the PBP whose complex 

with the ~-lactam breaks down • . 

The interaction of benzylpenicillin with purified PBP1 of~- lichenifor

mis has been studied by separating unbound [
14

c]benzylpenicillin from the 

[ 14 c]benzylpenicillin-PBP1 complex by paper e lectrophoresis. This has 

permitted the direct measurem ent of the amodnt of c omplex formed rather than 

the relative measurements that are obtained when benzylpenicillin-PBP compl

exes are separated by dodecylsulphate/polyacrylamide gel electrophoresis and 

the amounts of radioactivity bound t o the PBPs determined by microdensito-

metry of bands on a fluorogram. The latter method can be inaccurate as 

allowances have t o be made for the width and any lack of homogenei ty in the 

band. By studying the interaction of benzylpenicillin with a purified PBP 
7 

it is not nece ssary to have to make any allowances for the interaction of 

benzylpenicillin with the othe r PBPs present when studying membrane-bound 

preparations. 

Benzylpenicillin reacted with PBP1 of B. licheniformis 94 to form a 

covalent compl e x with a stoicheiometry of 0.7 mol of benzylpenicillin bound 

per mol of protein. The lack of observed formation of a 1:1 complex may be 
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because of a number of reasons: 

1) Denaturation of some of PBP1 during purification would give rise to 

the apparent incomplete binding of ben zylpenici llin to the PBP. 

2) The value of the molecular weight used to calculate the number of 

moles of PBP1 present was the apparent molecular weight obtained by 

comparison of its mobility during dodecylsulphate/polyacrylamide gel electro

phoresis with the mobilities of proteins of known molecular weight (Table 

3.1) and this value may not be a true measure of the actual molecular weight. 

Tanford and Reynolds (1976) have reported that some membrane proteins migrate 

anomalously during dodecylsulphate/polyacrylamide gel electrophoresis but 

other methods of determination of moiecular weight cannot be readily applied 

to proteins solubilized from membranes by non-ionic detergents. 

3) Bovine serum albumin wes used as a standard in the Folin protein 

assay to measure the amount of protein present. The colour developed in 

this assay is partially dependent on the amount of tyrosine and tryptophan 

pr~sent in the protein, and it is possibl~~that the proportions of these 

amino acids in bovine serum albumin are not the same. PBP1, being a 

membrane-bound enzyme, might be expected to contain a larger proportion of 

the hydrophobic amino acids. 

The purified exocellular DD-carboxypeptidase/transpeptidase of Actinomadura 

R39 forms a 1:1 complex with benzylpenicillin (Frere et~, 1974a) although 

the purified DD-carboxypeptidase from~- stearothermophilus was reported to 

'1 

bind only 0.043 mol of benzylpenicillin per mol of protein (Blumberg et~, 

1974). The titration of PBP1 of~- licheniformis with benzylpenicillin was 

also observed with the ex•>cellular enzyme from Actinomadura R39. A 

consequence of this titration is that the concentration of benzylpenicillin 

that results in 50% of the maximum binding to PBP1 is simply that concen-

tration at which the molar amount of benzylpenicillin addded is equal to 
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50% of the molar amount of PBP1 present. Hence this concentration is 

not a measure of any of the kinetic paramete~ of the binding reaction. 

Previous published work from several laboratories expresses the results 

of the amounts of penicillins that resulted either in 50% of the maximum 

binding to PBPs or caused 50% inhibition of penicillin-sensitive enzymes as 

concentrations or even concentrations x time (Spratt, 1977a; Blumberg and 

Strominger, 1972a). The t»tal amount of penicillin present in some of these 

experiments was comparable to the amount of penicillin-binding material 

present and the values obtained probably reflect the amounts of penicillin 

needed to titrate with 50% of the penicillin-binding material. It may 

therefore be necessary to reinterpret the results from some of the above 

studies. 

It should prove possible to investigate the binding of ~-lactams to the 

purified PBPs of~- megaterium using the techniques described above. It 

would be interesting to check whether benzylpenicillin also titrates with 

these proteins and to attempt to measure the kinetic parameters of the binding 

reaction. 

The finding that PBP4 of~- licheniformis has DD-carboxypeptidase 

activity is consistent with the general observation that the PEP with the 

lowest molecular weight (45000-50000) in Bacilli is a DD-carboxypeptidase. 

Some of the properties of the membrane bound DD-carboxypeptidase of 

B. licheniformis 94 have been described by Ward (1974) and Tynecka and Ward 
.., 

( 1975). 
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9. ENZYMIC ACTIVITIES OF THE IS OLA.TED PBPs OF BACILLI. 

9.1 Introduction. 

The only PBPs in Bacilli that have been shown to have in vitro enzymic 

activity are the PBPs of low molecular weight that are DD-carboxypeptidases 

(Blumberg and Strominger, 1972b; Yocum, Blumberg and Strominger, 1974). 

The other penicillin-binding proteins have been postulated to be peptido

glycan transpeptidases, endopeptidases or DD-carboxypeptidases (Blumberg 

and Strominger, 1974), but as these PBPs have not been purified previously, 

it has not been possible to investigate their enzymic activities. As 

various purified PBPs had been obtained during the procedures described in 

Chapters 7 and 8, I decided to te'st whether any of the isolated PBPs 

showed DD-carboxypeptidase or ll'atural model transpeptidase activity. 

9.2 Attempts to show DD-carboxypeptidase activity. 

DD-carboxypeptidase activity was measu~ed by following the release of 

D-alanine from UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) or L-Ala-D-Glu-. -2 

(msA pm-D-Ala-D-Ala). 20µ1 samples of various fractions were incubated with -2 . . 

50 nmol (5µ1) of either of the above substrates at 37°c and the release of 

D-alanine estimated as described in Section 2.4 . Fractions containing PBPs 

of~- rn egaterium only released D-alanine from the above substrates i f PBP5 

were present. Samples containing PBPs 1, 3 or 4 but not PBP5 did not show , 
any release of D-alanine from e ither of the above substrates even after 

prolonged incubation (5 hours). No release of D-alanine catalysed by PBPs 

1, 3 or 4 d t t d h Mg 2+ . . was e ec e w en was added to a final concentration of 

20mM or if the pH was as low as 6.0 or as high as 9.0. The same lack of 

DD-carboxypeptidase a c tivity was observed whether the samples were prepared 
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by ion-exchange chromatography or by affinity chromatography. Hence the 

results suggested that in~- megaterium, only PBP5 is a DD-carboxypeptidase 

and PBPs 1, J and 4 are not capable of catalys ing the release of D-alanine 

from the substrates used. 

Similar results were obtained when studying the PBPs of~- licheniformis 

94. Only sampl es that contained PBP4 of this organism released D-alanine 

from either of the substrates used. 

These results indicate that none of the higher molecular weight PBPs 

in Bacilli is a DD-carboxypeptidase, when assayed with these particular 

substrates. 

9 . 3 

( i ) 

Attempts to show model transpeptidase activity. 

Dimerisation of L-Ala-D-Glu~(ms-[ 14c]A pm-D-Ala-D-Ala). 
- 2 

The natural model transpeptidase reaction in which the p entapeptide 

substrate L-Ala-D-Glu-(msA pm-D-Ala-D-Ala), acting as donor and acceptor, 
-2 

is dimerised to form a nonapeptide was first 'described by Nguyen-Disteche et 

al ( ;974aj . This reaction is assumed to be a good model of the presumed 

in vivo peptidoglycan transpeptidase reaction in organisms that have a cell 

wall structure that is cross-linked by a bond formed between a D-alanine 

residue of. one side-chain and a diaminopimel y l residue in another. Thi s 

mode l transpeptidation reaction is catalysed by PBPs 4 and 5 of ~- typhi

murium (Shepherd, Chase and Reynolds, 1977), material solubilized from the 

membranes of E. coli (Nguygen-Disteche ~~' 1974aj and the purified 

DD-carboxypeptidas~ of the L-form of Proteus mirabilis (Martin, Schilf 

and Maskos, 1976). ~ The structure of the cell wall of~- megaterium and 

B. licheniformis is such that a similar in vivo transpeptidation reaction 

would be expected and hence the isolated PBPs of these organisms were tested 

for their ability to catalyse this model transpeptidation reaction. 
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The assay involves incubation of samples of the PBPs with L-Ala-D-Glu

(ms - [14c]A pm-D-Ala-D-Ala) and the separation of the products by high-
- 2 

v 0 ltage pa p e r e lectrophoresis. The radioactive substrate and products of 

the reaction are located ~y autoradiography, and identified by calculation 

of their predicted electrophoretic mobilities (Shepherd, Chase and Reynolds, 

1977). Fig. 9.1 shows the result of the separation of the products obtained 

by S.T. Shepherd (personal communication) and a similar experiment was 

carried out with the PBPs of Bacilli. The experimental conditions were as 

follows: 

10µ1 of the fraction to be tested for activity was incubated with 50 nmol (5µ1) 

of L-Ala-D-Glu-(ms-[ 14 c]A pm-D-Ala-D-Ala) in a final volume of 20µ1. The 
- 2 

. 0 • 
samples were incubated at 37 C for varying lengths of time and the reactions 

were terminated by boiling for l min. The samples were then spotted on What-

man JMM chromatography paper a~d the products separated by electrophoresis 

in pyridine/acetate buffer at pH 6 . 5 for 90 min at JOOOV (5ov/cm). The 

electrophore togram was dried and an autoradtogram take n (Section 2.11) 

(2 week exposure ). The developed autoradioyram was the n examined for the 

presence o f the products of the reaction. 

Samples containing PBP 1, 3 or 4 but not PBP5 of~- megaterium showed 

no acti v ity a ga inst t h e s ubstrate ev en aft e r incubation for 5 hours and 

a single spot on the autoradiogram was observed that corresponded to the 

original substrate . Samples containing PBP5 catalysed the rel ease of 
; 

D-alanine f rom the substra te (i e. the e xp e cte d DD-carboxypeptidase act i vity) 

a s e v ide n ce.d by t h e pres ence of a radi oac t ive compound that migra t e d in 

t he pos ition exp ected f or L-Ala-D-Glu-(ms-[ 14 c]A pm-D- Ala) . However, 
- 2 . 

there were no spo ts corresponding to the radi oactive nonapeptide d i mer or tb 

the des-Ala octapeptide dimer (see Fig. 9.1). Shepherd, Chase and Reynolds 

(1977) observed in a time course experiment that the formation of dimer 



Fig. 9.1 Separation of the reactants and products of the natural model trans-

peptidation reaction by electrophoresis. 

The figure (taken from Shepherd, Chase and Reynolds, 1977) shows the 

separation of the products formed when L-Ala-D-Glu-(ms-[1,7- 14 c]A pm-D-Ala-- 2 
D-Ala) was incubated with mat erial solubilized from the membranes of~- typhi-

murium. The products were separated by high-voltage paper electrophoresis in 

pyridine/acetate buffer at pH 6.5 for 90 min at 50V/cm and located by auto-

radiography. The autoradiogram and the predicted electrophoretic mobilities 

of the products are shown. 
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reached a maximum level after which it appeared to be hydrolysed. In order 

to ensure that a similar situation was not occurring with PBP5 of B. megater-

~'asimilar time course was investigated but no formation of dimer 

was observed at any time point. Experiments with samples of the PBPs 

were carried out at a variety of pH values (from pH 6 - pH 9) 1 in the 

presence or absence of MgCl (10mM) and at various ionic strengths (10mM -
2 

500mM), but in none of these experiments was any formation of dimer 

observed. 

In order to investigate the possibility that solubilization of the PBPs 

from the membranes or their subsequent purification may have resulted in 

loss of their catalytic activity, the ability of isolated membranes of B. 

megaterium to catalyse the natural model transpeptidation reaction was 

tested. A similar lack of dimer formation was also observed under all 

conditions of pH, Mg
2

+ concent~ation and ionic strength. 

A similar lack of activity in the model transpeptidase reaction was 

observed with ~aterial (isolated PBPs or merifbranes) from B. licheni-

formis 94, and it is concluded that none of the PBPs of these Bacilli 

can catalyse this in vitro model reaction. 

(ii) Dimerisation of MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala). 
-2 

This substrate is more similar to the presumed subs.trate in the natural 

peptidoglycan transpeptidation reaction than the pentapeptide used above • 
. , 

The monomer can be separated from the transpeptidated dimer by high-voltage 

paper elec~rophoresis at pH 6.5 as these two compounds have different 

electrophoretic mobilities at this pH value. The ability of fractions 

containing various PBPs to catalyse the dimerisation of this substrate was 

tested under the conditions described in (i) above. However, no radioactive 

spot was found in the position expected for the dimer in experiments carried 

out with samples of the isolated PBPs of B. megaterium or even with the 
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membranes of this organism. 

(iii) Linkage of peptidoglycan to isolated cell walls. 

The linkage of peptidoglycan to isolated cell walls might be expected 

to be analogous to the in vivo peptidoglycan transpeptidation reaction in 

which a newly synthesized peptidoglycan strand (nascent peptidoglycan) is 

inserted into the cell wall via transpeptidation (see Section 1.5). The 

source of newly synthesized peptidoglycan used in these studies is the 

material excreted into the culture medium by autolytic deficient cells of 

B. licheniformis incubated in a 11::ell wall synthesizing medium" in the 

presence of penicillin (Tynecka and Ward, 1975). This excreted peptidoglycan 

can be prepared radioactively lab~lled (Section 2.12) and the principle of the 

assay is that the radioactively-l~belled soluble peptidoglycan should be 

covalently linked to the sedimentable cell wall by the transpeptidase. 

Hence the cell wall should become radioactively-labelled and can be 

separated from unlinked nascent peptidoglycan.-'by centrifugation and washing. 

Isolated cell wall of~- megaterium was prepared as described by Tynecka and 

Ward ( 1975) for ~- licheniformis. JOµl samples of fractions containing PBP1 

of~- megaterium or PBP1 of~- licheniformis were incubated with 20µ1 of 

soluble peptidoglycan (2000 dpm) and JOµl (JOOµg dry weight) of isolated 

0 
cell wall for 2 hours at 37 C. The samples were then centrifuged (50000 x 

.£!.· 20 min) and the pellet washed twice with water. The pellet was then 
1 

suspended in O.J ml water and the radioactivity present was determined as 

described in Section 2.9. No detectable radioactivity was found to be linked 

to the cell wall by samples containing PBP1. This reaction has yet to be 

attempted with the other isolated PBPs of Bacilli, or any other organism. 

11 
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9.4 Discussion. 

It has not been possible to show in vitro model transpeptidase activity 

with any of the isolated PBPs of~- megaterium and B. licheniformis. The 

only enzymic activity that it has been possible to demonstrate is DD-carboxy

peptidase activity catalysed by PBP5 of~- me gat erium and PBP4 of B. licheni

formis. None of the PBPs 1 , J or 4 of B. megaterium or PBP1 of B. licheni

formis is a DD-carboxypeptidase. 

Although there is evidence that PBP1 of~- megaterium catalyses a 

penicillin-sensitive peptidoglycan transpeptidation reaction (Chapter 5), 

it has not been possible to prove this directly by studying the enzymic 

activity of the isolated protein. Possible reasons for the lack of model 

transpeptidase activity are: 

• ( 1) The specificity of the natural peptidoglycan transpeptidase is such that 

it does not catalyse these model reactions. Th e evidence for this suggestion 

comes from the finding that even the isolated membranes of B. megaterium 
,,, 

do not catalyse this reaction. Although it can be suggested that the 

peptidoglycan transpeptidase might lose its enzymic activity after solubiliz-

ation from the membrane or subsequent purification, it would be expected 

that activity would be retained by the membrane-bound enzyme. In vitro 

peptidoglycan transpeptidation can be demonstrated in cell-wall/membrane 

preparations of _~. megaterium (Chapter 5) and the removal of the cell wall 

by treatment with lysozyme would not be expected to radically alter the 
1 

activity of the enzyme. The peptidoglycan transpeptidation observed in 

cell-wall/m.embrane preparations is, however, coupled to the synthesis of 

peptid 0 glycan from the nucleotide precursors. Transpeptidation may require 

a highly organized spatial configuration between nascent peptidoglycan and 

the cell wall. This spatial configuration may not be reproduced in the 

model systems and may only be created in the coupled systems in which nascent 

peptidoglycan is synthesized in situ from the precursors. 
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The binding sites on the enzyme for the donor and the acceptor in 

the transpeptidation reaction may require more complicated substrates than 

thos e p r ovided in the model reactions. It is possible that the enzyme does 

n o t contain a binding site for the cell wall acceptor but relies upon the 

relative positioning of the cell wall to the membrane to provide a suitably 

placed amino-acid side-chain to act as acceptor in the transpeptidation 

reaction. 

can 

Although the isolated membranes and purified proteins of~- typhimurium 

catalyse the dimerisation of L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) (Shepherd, -2 

Chase and Reynolds, 1977; S.T. Shepherd, personal communication) as can the 

DD-carboxypeptidase of Proteus mirabilis (Martin, Schilf and Maskos, 1976), 

there is evidence that the proteirys' catalysing these reactions are not the 

in vivo peptidoglycan transpeptidhses. Hence it is possible ±hat this 

model reaction is not a suitable assay for an in vivo peptidoglycan trans-

peptidase and hence the failure of proteins isolated from Bacilli to 

catalyse the reaction does not exclude the po~sibility that these proteins 

are peptid~glycan transpeptidases in vivo. The model transpeptidation 

reacti on which invo lves the linkage of soluble peptidoglycan to the cell wall 

might be considered to resemble the in vivo transpeptidation reaction more 

closely than the dimerisati on o f p e ptide substrates. However, the soluble 

peptidoglycan used in the assay may be substantially different from the true 

"nascent" peptidoglycan involved in the in vivo reaction. In particular, 

the t r ue nascen t peptidoglycan is probably bound to the membrane by a lipid 

carri er. a nd h e nc e t his "lipid intermedi ate " would b e a b e tter substrate 

to u s e fo r t h e se s t udies . The isolati on of l ipi d intermediate for testing 

in this assay system is currently being carried out by Dr J.B. Ward. 

(2) It is possible that the isolated PBPs lack enzymic activity as a result 

of denaturation during the procedures us ed for solubili za tion and purifi cation 
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of these proteins. However, the y still retain the ability to bind [
14

cJ-

benzylpenicillin and the isolated PBP1 of B. licheniformis can still 

catalyse the release of bound [ 14 c]benzylpenicillin (Section 8.J). The 

DD-carboxypeptidases of Bacilli can also be isolated by these techniques 

without loss of DD-carboxypeptidase or penicillin-binding activities. 

(J) The peptidoglycan transpeptidases may be protein complexes consisting 

of different polypeptide chains. These polypeptide chains may be held 

together in the correct quaternary configuration by being bound to the 

membrane. The procedures used for the purification of the penicillin-binding 

proteins may split this multi -protein complex into its constituent 

subunits and it is possible that one subunit contains the binding site for 

benzylpenicillin (ie. this is the subunit that has been isolated as it is 

a penicillin-binding protein) ·but is not, by itself, catalytically active. 

If this were the situa tion, the isolated PBPs would not be expected to 

show any e n zymi c a cti vi ty. 

(4) The PBPs may act as receptors for pe~lcillins but lack enzymic 

activiti es themselves. It is a possibility that some of the PBPs may be 

responsible for the triggering of autolytic activity that occurs on treatment 

of cells with penicillin (see Section 1. 7). An in vitro assay system to 

investigate the stimulation by penicillins of autolytic activity in extracts 

of Klebsiella pneumoniae and!· coli has been reported by Fontana, Satta 

and Romanzi (1977). It may be possible to devise a similar sort of system 
1 

to determine whether t h e PBPs can trigger autolytic activity. 

Another enzymic activity that may be catalysed by the PBPs is an 

endopeptidase reaction. Transpeptidation 1s a reaction that should have 

an equilibrium constant that is close to one,as the reaction involves the 

splitting of one peptide bmd and the formation of another, a reaction that 

should have a 6H value close to O. The entropy change in the reaction should 
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be small, as two molecules in the same state are involved on both sides of 

the equation of the reaction. Hence as the equilibrium constant is close to 

one, the reaction should be reversible and a transpeptidase should catalyse 

the attainment of an equilibrium between monomers and dimers. It might 

therefore, be possible to assay for transpeptidase activity by assaying the 

reaction in the reverse direction, ie. by following the formation of monomers 

from cross-linked dimers, which involves the cleavage of the cross-link by 

D-alanine. The preparation of radioactively-labelled bis-disaccharide-

peptide dimers is currently in progress. Although the DD-carboxypeptidases 

of Bacilli have been shown to have endopeptidase activity towards such a 

substrate (Yocum, Blumberg and Strominaer, 1974), the reaction followed 

was not the reverse of transpeptiflation as the cleavage of the dimer was by 

water and not by D-alanine. The cleavage of the dimer by water is just 

another manifestation of the DD-carboxypeptidase activity (see Section 1.10.2). 

The only in vitro natural transpeptidation reaction that can be demons

trated in~- megaterium is the incorporation' of the nucleotide precursors of 

peptidoglycan into cross-linked peptidoglycan in the cell wall. This reaction 

is catalysed by cell-wall/membrane preparations and the only success that 

has been achieved in studying transpeptidation with a more purified prepa-

ration is the incorporation of diaminopimelic acid into newly synthesized 

peptidoglycan catalysed by isolated membranes (Reynolds and Barnett, 1974; 

Wickus and Strominger, 1972). Reynolds and Barnett (1974) and Marquet, Nieto 
~ 

and Diaz-Maurine (1976) reported that the isolated membranes of~- megaterium 

catalysed a simple transpeptidation reaction using a peptide subs trate as 

donor and D-alanine or glycine as acceptors. The authors concluded however, 

that this activity and the DD-carboxypeptidase activity are catalysed by the 

same enzyme, whose physiological role is not the formation of peptide cross-

links during peptidoglycan biosynthesis. 
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10. IDENTIFICATION OF PRODUCTS RELEASED DURING BREAKDCMN OF 

BENZYLPENICILLIN-PBP COMPLEXES. 

10.1 Introduction. 

The covalent complexes formed between ~-lactams and penicillin-binding 

proteins have been shown to break down at various rates (section 3.5). 

In particular, the complexes formed between PBP1 of Bacillus megaterium 

and B. licheniformis 94 break down rapidly (t 1 of complex= 12-15 min at 
2 

37°c). As the complex with PBP1 has been proposed to be of importance i n 

the lethal action of penicillins, a study of the molecular events involved 

in the breakdown process might be expected to elucidate the nature of the 

inte raction between benzylpenicillin and a PBP. The identification of 

the products released upon breakdown might indicate the manner by which 

benzylpenicillin was bound to the protein and might suggest what catalytic 

events were necessary for breakdown to occur. 

Identification of the breakdown produ~ts requires the following steps: 

1) The formation and isolation of a benzylpenicillin-PBP complex, 2) The 

breakdown of this complex, J) Separation of the released product from the 

PBP and any other material present, and 4) Identification of the released 

compounds. The most convenient form of the PBP to use is the membrane-bound 

protein as th~ benzylpenicillin-PBP complex can be isolated, provided that 

it is stable under the conditions used, by repeated washing of the membranes. 

·; 

The membranes can also be separated from the released material after the 

period of breakdown by sedimentation. However, as membranes contain more 

than one PBP, steps must be taken to ensure that only the released material 

from one PBP is being investigated. This can be achieved either by allowing 

benzylpenicillin to bind to only one of the PBPs or by choosing conditions 

under which the breakdown of only one of the benzylpenicillin-PBP complexes 
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occurs 0 If a purified PBP is used, it is necessary to separate the benzyl-

penicillin-PBP complex from unbound benzylpenicillin by a t echnique such as 

gel filtration or, if the complex is particularly stable, by dialysis. 

In order to identify the released products by the standard procedures 

used routinely to identify organ ic compounds ( a combination of mass 

spectrometry, nuclear magnetic resonance spectrometry and infra-red spectro-

scopy), it is necessary to isolate of the order of 1µmol of product. 

Assuming that the stoicheiometry of the benzylpenicillin-PBP complex is 

one mole of benzylpenicillin bound per mole of PBP, then the amount of 

PBP needed to prepare 1µmol of product will also be 1µmol. If the PBP 

consitutes 1% of the total membrane protein and has a molecular weight of 

50000, then the amount of membrane protein needed is 5 gm. Membrane protein 

constitutes about 10% of the dry.weight of the cell so the total amount of 

cells needed is 50 gm and if the cells are grown to a density of 0.4 mg dry 

wt/ml, the total volume of culture required would be over 100 litres. This 

calculation assumes 100% recovery at each stage of the procedure. Facilities 

for the preparation of such volumes of culture were not available in this 

project, so I decided to attempt to identify the released products by 

comparison of their mobilities in various chromatographic systems with those 

of various standards likely to be the breakdown products. The released 

products were prepared using radioactively-labelled benzylpenicillin in order 

to be able to locate the products in small amounts in the various chromato-
? 

graphic systems by autoradiography or by liquid scintillation counting. As 

the breakdQwn reaction was expected to result in the fragnentation of the 

benzylpenicillin molecule by analogy with the events that occur with the 

DD-carboxypeptidasesfrom Streptomyces (vide infra), radioactive benzylpenici

llin labelled at either of two positions in the molecule was used 

so that it would be pqssible, in separate experiments, to prepare either 
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fragment radioactively-labelled. The two radioactive benzylpeniclllins used 

were 6-phenyl-[1- 14 c]acetamidopenicillanate (ie. labelled in the side-chain) 

and 6-phenyl-acetamido-[ 35s]penicillanate (ie. labelled in the penicillin 

nucleus). 

Previous studies on the breakdown of benzylpenicillin-DD-carboxypeptidase 

complexes have indicated that the pathway of the reaction is dependent on 

the s •mrce of the enzyme. The purified exocellular DD-carboxypeptidase/trans

peptidases from Actinomadura RJ9 and Streptomyces R61 fragment benzylpenicillin 

into phenylacetyl-glycine (Frere et .el_, 1975) and ~-formyl-D-penicillamine 

(Frere~~ 1976a) whereas the purified DD-carboxypeptidases from Gram-

negative organisms appear to release bound benzylpenicillin in the form 

of benzylpenicilloic acid. Thi.s has been shown for the purified DD-carboxy-

peptidase 1A (PBP5/6) of E. coh (Tamura, Imae and Strominger, 1976) and the 

DD-carboxypeptidase from the 1-form of Proteus mirabilis {Schilf et~, 1978). 

The object of the investigation described in this chapter was to study 

the breakdown of the complexes between benzS,Lpenicillin and the PBPs of 

Bacilli. Initially, the breakdown reaction catalysed by the DD-carboxy-

peptidase of Bacillus stearothermophilus was studied to see whether a fragment-

ation occurred similar to that observed with the enzymes from Streptomyces. 

Whilst t his work was a t an advanced stage, similar investigations were 

reported by Hammarstrom and Stroming er (1975, 1976). More recently , the 

breakdown reaction catalysed by PBP1 of~- licheniformis 94 was investigated ., 
to see whe ther this breakdown reacti on is similar to that catalysed by the 

DD-ca rboxyp eptidases. 

10.2 Preparation of standards. 

Phenylacetylglycine and ~-formyl-D-penicillamine were the kind gift of 

Dr J.M. Frere• Di-(~-formyl - D-penicillamine) disu lphide was prepared from 
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N-formyl-D-penicillamine as recommeded by J.M. Frere (personal communication). 

2mg of !i_-formyl-D-penicillamine was dissolved in 1ml of water and 1µ1 of a 

1M solution of ferric sulphate was added. The solution was shaken until 

the deep blue colour disappeared, then a further 1µ1 of ferric sulphate was 

added and the process repeated until further additions of ferric sulphate 

no longer gave rise to the deep blue colour. This indicated the complete 

conversion of monomer to dimer which was confirmed by lack of reaction 

with DTNB. Di-(D-penicillamine) disulphide was prepared 

from D-penicillamine (the kind gift of Dr J.H.C. Nayler, Beecham Research 

Laboratories) by air oxidation in the presence of ferric sulphate as 

described by Crooks (1949). 

[ 35 J . . l . . [35 J l . . 11 · b 
S benzylpenicil oic acid w&s prepared from S benzy penici in y 

incubation with ~-lactamase (1009 units/ml) at 37°c for 1 hour. 

10.3 Products released from the complex between benzylpenicillin and the 

DD-carboxypeptidase from Bacillus stea~othermophilus. 

B. stearothermophilus was chosen for studies on the identification 

of the breakdown products released from the benzylpenicillin-DD-carboxy-

peptidase complex for a number of reasons. Firstly , the organism has a 

highly active DD-carboxypeptidase (Reynolds, 1971) and this enzyme is the 

major penicillin-binding protein in the membranes and binds over 70% of the 

total amount of [
14 c]benzylpenicillin bound to the membranes (Fig. 3.1, table 

3.1). The enzyme can be solubilized from the membr~hes and purified by 

affinity chromatography (Blumberg!:!_~, 1974; Yocum, Blumberg and Strominger, 

1974 ). Secondly, ~- stearothermophilus is a thermophilic organism and the 

enzymic activity of the DD-carboxypeptidase is particularly stable at 37°c 

(Barnett, 1973), thus fascilitating the study of the breakdown of its 

complex with benzylpenicillin at this temperature. 
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10.J.1 Isolation and breakdown of the complex with the membrane-bound 

enzyme. 

In order to investigate the binding of benzylpenicillin to the membranes 

of J?.· stearothermophilus, 1ml of membranes (10 mg protein/ml in 50mM sodium 

cacodylate/HCl,5mM MgC1
2

, pH 6.J) were incubated with either [ 14 c]benzyl

penicillin or [ 35s]benzylpenicillin at 1µg/ml for 10min at 37°c, conditions 

under which the DD-carboxypeptidase activity is completely inhibited and 

the benzylpenicillin-binding sites saturated (Blumberg~£:..!_, 1974). 

Unbound benzylpenicillin was removed by sedimentation of the membranes 

. 0 
(50000 x i!_, 20 min, 4 C) and washing twice in the above cacodylate buffer 

followed by resuspension in that buffer at the original density of 10 mg 

protein/ml. Greater than 95% of .the radioactivity present after this proce

dure was associated with sedimentable material. The amount of radioactivity 

bound to the membranes was determined and the penicillin-binding capacity of 

the membranes was calculated to be 70pmol benzylpenicillin bound per mg of 

membrane protein. The same value was obtain~d whether [ 14 c]benzylpenicillin 

or [ 35s]benzylpenicillin was used, suggesting that the complete benzylpeni

cillin molecule was bound to the membranes. A control using [ 35s]benzyl

penicilloic acid (1µg/ml) resulted in the binding of only 1% of the amount 

of radioactivity bound in the presence of [ 35s]benzylpenicillin . 

The release of bound radioactivity from the membranes was studied by 

preparing benzylpenicillin-membrane complexes as described above and then 

0 
incubating them at 37 C and following the distribution of radioactivity 

between membrane-bound and released material. Fig. 10.1 shows that both 

14 35 [ C]- and [ S]-labelled material were released from the . membranes simul-

taneously within the time resolution of the experiment, ie. about 5 min. The 

loss of radioactivity from the membranes was paralleled by the appearance of 

labelled material in the supernatant. The release of bound radioactivity did 



Fig. 10.1 Release of [ 14 cJ- and [ 35s]-labelled material from the membranes 

of B. stearothermophilus. 

5 ml of membranes (8 mg protein/ml) of~- stearothermophilus (prepared as 

described in Section 2.3.1) were incubated with [
14

c]benzylpenicillin or [
35

s]-

benzylpenicillin at 1 µg/ml for 10 min at 37°c . The membranes were then sedi-

mented by centrifugation (50000 x .£1., 20 min, 4°c) and washed twice in 10mM 

sodium cacodylate/HCl, 5 mM MgC1
2

, pH 6.J. The membranes were then incubated 

0 at 37 C and 0.5 ml samples removed and centri fuged as described above. The 
(released radioactivity) 

radioactivity present in the supernatant/was determined as described in Section 

2.9 and the pellet was resuspended in 0.5 ml of 1% sodium dodecylsulphate and 

the radioactivity present (membrane-bound radioactivity) determined. 15 µl 

samples were also removed at intervals and assayed for DD-carboxypeptidase 

activity by the addition of 50 nmol (5µ1) of UDP-MurNA.c-L-Ala-D-Glu-(msA pm-. -2 

D-Ala-D-Ala) and incubation at 37°c for JO min. The release of D-alanine 

was estimated as described in Section 2 . 4 . 

a membrane-bound [ 14 cJ- radioactivity; O membrane-bound c35
s]- radioactivity; 

D released [ 14c]-radioactivity; e released [
35

s ] radioactivity; 

6 inhibition of DD-carboxypeptidase activity. 

The amounts of radioactivity are expressed as percentages of the amount 

of the respective radioactive benzylpenicillin bound at time O. The% inhibition 

of DD-carboxypeptidase activity is calculated as 100 - 100 x activity at time t activity of contro l 

The control was taken through the same manipulations but was not treated with 

benzylpenicillin. 

O/o 

100 

80 

60 

40 

20 ./ 
01~--=--!50~------:i;;;:;----:-=-=-----J 100 150 200 

Time (minf 
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not obe y first orde r kinetics, nor did it parallel the recovery of DD

carboxypep t idase activity (Fig . 10.1). After 200 min, when more than 90% 

of the DD- carboxypep tidase act.ivHy had been recovered, about 40% of the 

radioactivity bound initially to the membranes was still pre sent. After 

0 

20 hours incubation at 37 C, 16% of the initial radioactivity bound was 

still bound to the membra nes . 

If the DD-carboxypeptidase were the only penicillin-binding protein in 

the membranes of~- stearothermophilus, it might be expected that the 

recovery of enzyme activity would parallel the release of radioactivity 

from the membranes. Blumberg e t al (1974) studi e d the release of radioacti

vity from and the recove ry of the enzymic activity of the purified DD-carboxy-

peptidase of B. stearothermophilus and showed that after JO min incubation 

0 
at 55 C, 85% of the radioactiviky that was bound initially had been released 

and that the enzyme had recovered 94% of its original activity . Hence the 

results presented in Fig. 10.1 sugg est that radioactivity was also being 

released from binding ~ites in the membran~~that are not associated with 

DD-carboxypeptidase activity. The kinetics of the release of bound 

benzylpenicillin are not those of a simple first order reaction and presumably 

reflect the simultaneous breakdown of more than one benzylpenicillin-PBP 

complex . 

In order to obtain sufficient quantities of the released material so 

that the released compound(s) could be identified, the previous experiment 

'1 

was repeated on a larger scale as described in Fig. 10.2. In order for 

0 

br eakdown to occur , the iso lated complex was incubated at 37 C for 200 min 

after which time more than 90% of the DD-car boxypeptida se activity had been 

recover ed and 60% of the r a dioac t i vity origina l l y boun d t o the membran es had 

been released. The separation of the released radioactive compounds from 

. I 



Fig. 10.2 Ge l filtration of material released from isolated benzylpenicillin-

membrane complexes. 

(a) 20 ml of membranes from B. stearothermophilus (9Jng protein/ml) was 

incubated with [ 14 c]benzylpenicillin at 1µg/ml for 10 min at 37°c . Unbound 

[ 14 c]benzylpenicillin was removed as described in the legend to Fig. 10.1 

and the isolated benzylpenicillin-membrane complex was incubated at 37°c 

for 200 min. The membranes were removed by centrifugation and the super-

natant taken to dryness in vacuo, dissolved in 0.5 ml of distill e d water 

and applied to a column of Sephadex G-25 fine (45 x 1 cm) equilibrated 

in distilled water. The column was eluted with water (40 ml/hr) and 1.2 ml 

fractions were collected. De terminations of radioactivity were made on 50µ1 

samples as described in Section 2.9. Fracti ons 28-31 (peak A) and 3?-35 (peak B) 

were pooled separately and lyophilized. 

(b) 

were 

The experiment described in (a) above was repeated but the membranes 

treated with [ 35s]benzylpenicillin. Gel filtration was performed on 

Sephadex G-25 fine (30 x 1 cm). Fractions 8-11 (peak C) and 12-15 (peak D) 

were pooled separately and lyophilized. 
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other material released from the membranes was achieved by gel filtration 

on S ephade x G-25 after c oncentration of the released material by lyophil-

ization. The distribution of radioactivity throughout the column eluate was 

determined and the fractions containing peaks of radioactivity were pooled 

and concentrated by lyophilization (Fig. 10.2). The recovery of radioactive 

material after these procedures was greater than 90% in each experiment. The 

radioactively-labelled fragments of benzylpenicillin were identified as 

follows: 

(a) 
14 

[ C]-labelled c,,mpounds. 

These compounds were identified using thin-layer chromatography with 

solvent systems described by Frere et~ (1975) for identifying the products 

released from the purified exocell.uiar DD-carboxypeptidases of Actinomadura 

R39 and Streptomyces R61. Gel filtration of the material released from the 

0 
membranes of.!.!_. stearothermophilus after 200 min incubation at 37 C showed 

two peaks of radioactivity (Fig. 10.2a). The minor peak comprised 20% 

of the released radioactivity (peak A) and elv'ted in the void volume of the 

column. The major peak (peak B) contained the remaining 80% of the released 

radioactive material. 

Upon thin-layer chromatogr~phy in three solvent systems, the radioactive 

material in p eak B had an identica l Rf value to that of phenylacetylglycine 

(Table 10.1). In finger-printing e xperiments, in which unlabelled phenyl

acel ylglycine (10µg) was added to the radioactive material before spotting 

onto the thin-layer plate , both the radioactive spot, as revealed by aut~

radiographl a nd the s po t of phenyl a c e tylglycine , as revealed by spraying 

with a 0 . 04% (w/v) solu t ion of bromocresol green in e thanol, were super-

i mposab l e. Also, on high voltage paper electrophoresis, the radioactive 

material in peak B migrated with the same mobility as phenylacetylglycine 



Table 10.1 Identification of [ 14 c]-labelled products released on breakdown 
of [ 14

c]benzylpenicillin-membrane complexes of B. stearothermo
philus. 

The released radioactive material was prepared as described in Fig. 10.2a. 
Samples of the radioactive compounds were analysed by thin-layer chromatogr
aphy (Section 2.10) and high-voltage paper electrophoresis (Section 2.8). 
The radioactive compounds were located by autoradiography (Section 2.11) and 
the phenylacetylglycine standard was located by spraying with a 0.0'+% (w/v) 
solution of bromocresol green in ethanol. 

R 
f 

values in 

thin-layer systems 
Electrophoretic Solvent Solvent Solvent mobility at pH 6.5 

[ 14 a b C towards anode Major CJ-labelled 
compound (peak B) 0.50 0.70 0.35 16 cm 

Minor [ 14 C]-labelled 
compound (peak A) 0 0.60 0 20 cm 

' ,1 Phenylacetylglycine 0.50 0.70 0.35 16 cm 

Benzylpenicilloic acid 0 0.60 0 20 cm 

Benzylpeni cil lin 0.58 0.77 0.59 12 cm 

The solvents were: (a), acetone-acetic acid: 20:1 (v/v), 

(b) 1-butanol-H
2

0-qcetic acid-ethanol: 10:4:J:J (v/v/v/v), 

(c) chloroform-methanol-acetic acid: 88:10:2 (v/v/v). 1 



Table 10.1 (continued) 

An example of an autoradiogram of a thin-layer plate used to identify 

the radioactive products released from membrane-bound benzylpenicillin-PBP 

complexes. 

The figure shows an autoradiogram of a plate used in the thin-layer 

~ . 

chromatography of [ CJ-labelled material released from the membranes of 

~- stearothermophilus as described in Fig. 10.2a. The solvent was 

acetone:acetic acid: 20:1 (v/v) (solvent a). 

(a) 10 nCi of material in peak A after gel filtration. 

(b) 2 nCi of released material before gel filtration. 

(c) 25 nCi of material in peak B after gel filtration. 

1 

0-5 

0 
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(Table 10.1). The material in peak A had an identical Rf value and electro

phoretic mo bility to those of benzylpenicilloic acid (Table 10.1) although 

benzylpenici lloic acid does not elute in the void voltune on gel filtration. 

Thus after 200 min incubation at 37°c, 48% of the radioactivity initially 

bound to the membranes had been released in the form of phenylacetylglycine 

and 12% eluted in the void volume on gel filtration and yet appeared to 

co-chromatograph with benzylpenicilloic a c id. The remaining 40% of the 

radioactivity initially bound to the membranes had not been released by 

. . . 0 200 min incubation at 37 C. 

(b) [ 35s]-labelled compounds. 

Two peaks of radioactivity were found on gel filtration of the [ 35sJ

labelled material (Fig. 10.2b) as had been found previously with the [ 14 cJ-
labelled material. The minor peak (peak C) which ,eluted in the void volume 

contained JO% of the released radioactivity but was not weJl separated from ,,, 
the major peak (peak D) that contained the remaining 7(JJ/o of the released 

radioactivity. 

An attempt was made to identify these compounds by thin-layer 

chromatography (Table 10.2). It was not possible however, to show that the 

released material had a Rf value that was significantly different from that 

of benzylpenicilloic acid in any of the solvent systems used. In many of 

these systems, neither benzylpenicilloic acid nor the released compound 

migrated from the origin. The material in peak D was shown not to be benzyl

penicilloi~ acid by high-voltage paper electrophoresis at pH 6.5 as it had 

a different mobility to that of benzylpenicilloic acid (Table 10.2). Severe 

streaking after electrophoresis was observed with the [ 35s]-labelled compound 

in peak C and this made the determination of its electrophoretic mobility 



Table 10.2 Attempted identification of [ 35s]-labelled products released on 

breakdown of [ 35s]benzylpenicillin-membranes complexes of 

B. stearothermophilus. 

The released radioactive material was prepared as described in Fig. 10.2b. 

Samples of the radioactive compounds were analysed by thin-layer chromatogr-

aphy (Section 2.10) and high-voltage paper electrophoresis (Section 2.8). 

The radioactive compounds were located by autoradiography (Section 2.11). 

Major [ 35]-labelled 
a 

compound (peak D) 0 

Minor c35s]-labelled 
compound (peak C) 0 

Benzylpenicilloic 
acid 0 

di-(N-formyl-
D-pe;-icillamine) 0 
disulphide 

Rf values in 

solvent systems 

b C 

0.59 0 

0.60 0 

0.60 0 

'~ 

0.59 0 

d 

0 

0 

0 

0 

Electrophoretic 
mobility at pH 6.5 

e towards anode 

0 22 cm 

0 -* 

0 20 cm 

0 

* severe streaking of this material was observed on electrophoresis. 

The solvents (a), (b), and (c) were as described in Table 10.1 

Solvent (d) was benzene- ethylacetate-acetic acid: 7:J : 1 (v/v/v); 

Solvent (e) was methanol-isopropanol: 7:J (v/v). •; 
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impossible. 

Frere_!:..!.~ (1976a) have used chromatography on Aminex A5 to identify 

the fragments released from the benzylp~nicillin-DD-carboxypeptidase complex 

of Streptomyces R61. Hence the same system was used in the present study to 

identify the [ 35s]-labelled material released from the membranes of B. stearo-

therrnophilus. The radioactive material in peak D co-chromatographed 

with exogenously added non-radioactive di-(_!'i-formyl-D-penicillamine) disulp

hide (Fig. 10.3a), but not with _!'i-formyl-D-penicillamine (Fig. 10.3b). Acid 

hydrolysis causes release of formyl groups from _!'i-formyl-D-penicillamine and 

di- (_!'i-formyl-D-penicillamine) disulphide (Frere _!:..!. ~, 1976a) and after such 

hydrolysis (1M HCl, 6o
0

c for 16 hours under nitrogen), the [ 35s]-labelled 

material co-chromatographed with added di-(D-penicillamine) disulphide (Fig • 

• 
10.3c), but not with D-penicillamine (Fig. 10.Jd) added either after the ac1d 

hydrolysis or as _!'i-formyl-D-penicillamine added before hydrolysis. The 

35 
[ S]-labelled compound did not co-chromatograph with benzylpenicilloic 

,,, 
acid on Aminex A5. Di-~-formyl-D-penicillamine) disulphide has identical 

Rf values on thin-layer chromatography as the [ 35s]-labelled compound. 

Hence in all systems tried, the major [ 35s]-labelled compound released from 

the membranes after 200 min incubation at 37°c behaved identically to 

di-(_!'i-formyl-D-penicillamine) disulphide. This was the product identified 

by Frere_!:..!.~ (1976a) as being released from the purified DD-carboxypeptidase 

of Streptomyces R61. A small amount of radioactive material was eluted from 
'1 

the Aminex column (in fractions 5 and 6; Fig. 10.Ja) ahead of the main peak 

of radioactivity, both before and after acid hydrolysis. The identity of this 

compound has not been investigated, but it may represent contamination from 

peak C (the two peaks were not well separated). Insufficient material was 

available to analyse the material in peak C by chromatography on Aminex A5 . 



Fig. 10.3 Chromatography on Aminex A5 of [ 35s]-labe ll e d material released 

from [ 35s]benzylpenicillin-membran e complexes. 

The [ 35s] - labell e d materi a l us ed was the material i n peak D obtained 

as described in Fig. 10.2b. The column of Aminex A5 (18 x 1 cm) was equi librated 

against 0.2 M sodium citrate/HCl, pH 3 . 2. Elution was performed with the same 

buffer at a flow rate of 10 ml/hr and 2ml fractions were collected. 

(a) A mixture of 2.5 nCi of the [ 35s]-compound and 200 µg of di-(Si-formyl

D-penicillamine) disulphide. Radioactivity (b) was determined on 0.35 ml 

samples (Section 2.9) and the added standard was detected (e) by removing 

the formyl groups by incubation in 1 M HCl at 6o
0 c for 60 min (c0nditions under 

which the removal of formyl groups from di-(Si-formyl-D-penicillamine) disulphide 

occurs (Frere~~' 1976a)) and the resulting primary amino groups were 

detected by reaction with ninhydrin (on
570

) (Cocking and Yemm, 1954). 

(b) A mixture of 2.5 n Ci of the [ 35s ]-compound and 200µ.g of ~~formyl-D

penicillamine. Radioactivity ( b) was d etermined on 0.35 ml samples and fr ee 

sulphydryl groups (•) were detected with DTNB (00
4 20

) as des cribed by Frere 

et~ (1976a). 

(c) 2.5 nCi of the [ 35s]compound was incubated in 1 M HCl for 16 hours at 6o
0 c 

under nitrogen. 400µ.g of di-D-penicillamine disulphide was then added. Radio

activity ( b) was determined on 0.35 ml sampl es and the amino groups of the 

standard ( e) were detected with ninhydrin ( 00
570

). 

(d) A mixture of 2.5 nCi of the [ 35s]compound and 400µ. g of Si-formyl-D-penic

illamine was incubated in 1 M HCl at 6o
0 c for 16 hours under nitrogen. Radio

activity (b) was determined on 0.35 ml samples and the free sulphydryl groups 

of the standard ( •) were detected as described in (b). 
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The finding that the majority of the [ 35s]-labelled material formed 

from the fragmented molecule of [ 35s]benzylpenicillin co-chromatographed with 

di-(,!'i-formyl -D-penicillamine) disulphide was unexpected. It is not possible 

for bound benzylpenicillin to be released as this compound, so the compound 

must have been formed from some other released pr oduct. As the other half of 

the fragmented molecule has been shown to be phenylacetylglycine, the most 

likely identity of the [ 35s]-labelled fragment would be 5,5-dimethyl-L:i.
2

-

thiazoline-4-carboxylic acid (see reaction mechanism Fig. 10.11), but if 

this compound had been formed , it would have given rise to D-penicillamine 

after hydrolysis in 1M HCl for 16 hours (Frere ~ ~ , .1976a) . This was 

shown not to have occurred (Fig. 10.Jd), so it must be assumed that the 

disulphide was derived by dimerisation,of ,!'i-formyl-D-penicillamine formed 

after hydrolysis of the thiazoline ring. Frere, Ghuysen and de Graeve (1978) 

have shown that 5 ,5-dimethyl- c.
2
-thiazoline-4-carboxylic acid is unstable in 

aqueous solution and is rapidly hydrolysed to ,!'i- formyl-D-penicillamine. 

Frere ~ -~ ( 1976a) also found that the compound released from the DD-carboxy

peptidase of Streptomyces R61 after 24 hours incubation was di-(,!'i-formyl-D

penicillamine) disulphide, but when the experiment was repeated with only 

a two hour incubation period under anaerobic c,mdi tions, only the ,!'i-formyl-

D-penicillamine monomer was formed. This suggested that the disulphide had 

been formed from the monomer by spontaneous oxidation in air. The dimeri-

sation of compounds containing thiol groups by oxidation of two thiol groups 

'1 
to form a disulphide link on exposure to air is well recognized (cf. the air 

oxidation of 2 molecules of cysteine to form cystine). Attempts have not yet 

been made to isolate the products released from~- stearothermophilus nnder 

anaerobic conditions to check that the monomer is the released product 

under these condit~ ons. 
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Yocum, Blumberg and Strominger (1974) reported that pre-treatment of 

the membranes of..!?_. stearothermophilus with cephalothin prevented the binding 

of [ 14C]benzylpenicillin to the minor PBPs. Hence, the effect of pre-

[ 14 
treatment of the membranes with cephalothin on the binding of · C]-benzyl-

penicillin to the membranes was investigated (Table 10 . J). Pretreatment 

• 1. • o [ 14c] 
with cephaloth1n at 2µg;ml for 10 m1n at 37 C reduced the amount of -

benzylpenicillin bound by JO%. Cephalothin at this concentration does not 

inhibit the activity of the membrane bound DD-carboxypeptidase (Barnett, 1973). 

The release of [ 14 c]-labelled material from membranes treated with [
14

c]benzyl-

penicillin after pretreatment with cephalothin obeyed kinetics expected for 

a first order reaction with a half-life of 100 min (Fig. 10.4). This result 

was in contrast to the result without· cephalothin pretreatment (Fig. 10.1) 

when the release did not obey first• order kinetics. 

Examinat ion of the effect of cephalothin pretreatment on the binding 

of [ 14 c]Benzylpenicillin to the PBPs of..!?_. st earothermophilus showed that 

pretreatment with cephal othin at 2µg/ml prevent§!d the subsequent binding of 

[ 14 c]benzylpenicillin to all the minor PBPs. Binding of [ 14 c]benzylpenicillin 

to the major low molecular weight PBP was unaffected and this is consistent 

with this PBP being the cephalothin-insensitive DD-carboxypeptidase. 

In order to determine whether pretreatment with cephalothin would 

simplify the profile of radioactive fragments released from the membranes 

after treatment with [ 14 c]benzylpenicillin, the experiment described in Fig. 

,. 
10.2a was repeated but the membranes were preincubated with cephalothin 

0 
(2µg/ml) for 10 min at 37 C. The distribution of radioactivity amongst the 

fractions obtained after gel filtration was determined and Fig. 10.5 shows 

that only one peak of radioactivity was present, in contrast to the situation 

with membranes that had not been pretreated with cephalothin when two peaks 



Table 10.3 The effect of cephalothin pretreatment on the binding of 

[ 14C]benzylpenicillin to the membranes of B. stearothermophilus. 

1 ml of membranes of B. stearothermophilus (10 mg protein/ml) was 

incubated at 37°c for 10 min in the presence or absence of cephalothin at 

2 µg/ml . [ 14c]benzylpenicillin was added (1µg/ml) and incubation continued 
. 0 for a further 10 min at 37 C. Unbound [ 14c]benzylpenicillin was removed by 

sedimentation and washing of the membranes and membrane-bound radioactivity 

was determined as described in Fig. 10.1. 

Control 

+ cephalothin pretreatment 

Binding of [ 14c]benzylpenicillin 
(pmol/mg of protein) 

76 (100%) 

53 (70%) 
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Fig. 10.4 
14 Release of [ C] -labelled material from membranes pretreated with 

cephalothin. 

5 ml of membranes (8 mg protein/ml) from~- stearothermophilus were 

I 
. 0 

incubated with cephalothin at 2µ g ml for 10 m1n at 37 C. [ 14 C] benzyl-

penicillin (1µg/ml) was then added and incubation continued at 37°c for a 

further 10 min. The [ 14 c] benzylpenicillin-membrane complex was isolated as 

0 

described in Fig. 10.1 and then incubated at 37 C. 0.5 ml samples were 

. 40 
removed at intervals and centrifuged at 50000 x _g_ for 20 m1n at C. The 

pellet was resuspended in 0.5 ml of 1% sodium dodecylsulphate and the r a d i o

activity present (ie. membrane-bound radioactivity) determined by liquid scint

illation counting as described in Section 2.9. The results are expressed as 

percentages of the total amount of [ 14 c]benzylpenicillin bound to the membranes 

at time O. 
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Fig. 10.5 Gel filtration of material released from isolated [ 14 c]benzyl-

penicillin-membrane complexes after pretreatment with cephalothin. 

10 ml of membranes of B. stearothermophilus (10mg protein/ml) was 

incubated with cephalothin at 2µg/ml for 10 min at 37°c. 
14 [ c] benzyl-

penicillin (1µg/ml) was added and incubation continued for a further 10 min 

at 37°c. Unbound [ 14 c]benzylpenicillin was removed as described in the legend 

0 

to Fig. 10.1 and the isolated complex was incubated at 37 C for 200 min. 

The membranes were removed by centrifugation and the supernatant taken to 

dryness in vacuo, dissolved in 0.5 ml of distilled water and applied to a 

column of Sephadex G-25 fine (JO x 1 cm) equilibrated in distilled ·water. 

The column was eluted with water (40 ml/h) and 1.4 ml samples were collected. 

Determinations of radioactivity were made on 50µ1 samples as described in 

Section 2.9. Fractions 12-16 were pooled and lyophilized. 
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of radioactivity were found (Fig. 10.2a). 

The [ 14c]-labelled material released from membranes preincubated with 

cephalothin was identified using the thin-layer chromatographic systems 

described in Table 10.1. In all systems, 95% of the released material 

co-chromatographed with phenylacetylglycine. This suggests 

that the compound that eluted in the void volume during gel filtration of 

material released from non-pretreated membranes must be a consequence of 

the binding of [ 14 c]benzylpenicillin to the minor PBPs in the membranes. 

This compound cannot be benzylpenicilloic acid released from the minor PBPs 

as benzylpenicilloic acid does not elute in the void volume on gel filtration. 

It is a possibility that some of the complexes formed between benzylpenicillin 

and the minor PBPs are solubilized from the membranes during incubation at 

0 . 
37 C for 200 min. Any such solubi~ized complex would elute in the void 

volume during gel filtration because of its high molecular weight and it 

is possible that this complex may break down during chromatogra?hy or electro-

phoresis with the release of the bound radioactivity in the form of benzyl

penicilloic acid. When these minor PBPs are prevented from binding [
14 cJ-

benzylpenicillin because cephalothin is already bound to them, this 

radioactive product is not detected. 

It is concluded that the major cephalothin-insensitive penicillin-

binding protein in~- stearothermophilus fragments bound benzylpenicillin 

to form phenylacetylglycine and N-formyl-D-penicillamine. In order to 

7 

confirm that this major penicillin-binding protein is a DD-carboxypeptidase, 

I decided to purify this enzyme and to study whether it also catalyses 

a similar fragmentation reaction. 



10.3.2 Purification of the DD-carboxypeptidase of B. stearothermophilus. 

Purification of the membrane-bound DD-carboxype~tidase from~- stearo

thermophilus has been reported by YocUP1,Blumberg and Strominger (1974) using 

affinity chromatography with 6-aminopenicillanic acid attached to agarose. 

However, the enzyme was isolated with poor yield and appeared to be grossly 

inactivated as it bound only 0.043 mol of benzylpenicillin per mol of protein. 

I decided to attempt the purification of this enzyme using the 

techniques for solubilization and purification that have been used in the 

purification of the PBPs of~- megaterium. The DD-carboxypeptidase of 

B. stearothermophilus was solubilized from the membranes by treatment with 

1% Genapol X-100 and after this treatment, 78% of the recovered DD-carboxy-

peptidase activity was not sediment~d by centrifugation at 150000 x ~ for 

2 hours and was therefure consider~d to have been solubilized (Table 10.4). 

Treatment with Genapol X-100 appe1;tred to activate the DD-carboxypepti•dase as 

183% of the original membrane-bound activity was recovered after this 

procedure. Stimulation of the DD-carboxypeptidese activity of B. stearo-

thermophilus has been reported by Barnett (1973) and she found that Triton 

X-100 stimulated the activity by up to 12 times. The probable reason for 

this apparent stimulation is that the preparation of protoplast membranes 

consists of v esicl e s tha t are imperm eable to the substrate UDP-MurNAc-L-Ala

D-Glu- (msA pm-D-Ala-D-Ala) and hence any enzyme on the inside of these 
-2 -

vesicles wi.11 not be assayed. However, treatment o:f the membrane preparation 
·; 

with de tergents would b e expect e d to break up any vesicular structure which 

wou ld e xp.os e the latent enzyme activity . 

The DD-car boxypeptidase was purifi e d from the solubilized material by 

covalent affinity chromatography on ampici l lin-affi nos e (Tab le 10 . 4) . 4 2% 

of the DD-carboxypeptidase activity that was onginall y present in the 



Table 10.4 Purification of the DD-carboxypeptidase of B. stearo thermophilus 

by affinity chromatography. 

40 ml of membranes of~- stearothermophilus (7 mg protein/ml) were solubil

ized by addition of Genapol X-100 to a final concentration of 1% (w/v) and . 

0 
incubation at 37 C for 10 min. The material not sedimented after centrifugation 

0 

at 150000 x .9. for 2 hours at 4 C was subjected to covalent affinity chroma-

tography on ampicillin-affinose e ssentially as described in Section 2.5, but 

with the following modifications. Proteins binding non-specifically to the 

affinity resin were removed by washing with 25 ml of 50mM sodium cacodylate/HCl, 

5mM MgC1
2

, 1M NaCl, 0.1% Genapol X-100, pH 6.3. 7 ml aliquots of neutral 

hydroxylamine were used for the elution of the DD-carboxypeptidase and the 

periods of incubation were: 1 (0-10 min); 2 (10-20 min) and 3 (20-50 min). 

The hydroxylamine eluates and the "salt-wash" were dialysed against 10 1 

of 50 mM sodium cacodylate/HCl, 5mM MgC1
2

, pH 6.3. 20µ1 samples of various 

fractions were assayed for DD-carboxypeptidase activity by addition of 50 nmol 

(5µ1) of UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) followed by incubation 
-2 

0 
at 37 C for 1 hour. The D-alanine released was estimated as described in 

Section 2.4. To calculate specific enzyme activities, the protein content 

of fractions was measured as described in Section 2.7. 

Fraction 

Membranes 

Solubilized material 

Residual pellet 

Material not 1;tdsorbed 

to ampicillin-affinose 

"Salt wash" 

Hydroxylamine e luate 1 

II II 2 

II II 3 

Volume 
(ml) 

40 

40 

20 

20 

25 

7, 

7 

7 

DD-carboxypeptidase 
activity (mu) 

1363 (100%) 

1955 ( 143%) 

548 ( 40%) 

89 ( 6%) 

0 ( 0%) 

497 ( 36%) 

83 ( 6%) 

0 .'( 0%) 

·7 

Spe cific 
activity 

(mU/mg protein) 

5 

43 

2.5 

0.4 

0 

1300 



142 

membranes wa s recovered in the hydroxylamine eluates and the protein had been 

purified 260 fold. The degree of purification reported by Yocum, Blumberg 

and Strominger (1974) in their studies on the same enzyme was only 33 fold. 

The total recovery of enzymic activity after affinity chromatography was 34% 

of the activity solubilized from the membranes . 

Analysis of the material in the hydroxylamine eluates from affinity 

chromatography by dodecylsulphate/polyacrylamide gel electrophoresis 

revealed the presence of a single band with an apparent molecular weight 

of 45000 with only minor contaminating bands (Fig. 10.6). The corresponding 

fluorogram confirmed that this major band was a penicillin-binding protein 

with the same molecular weight as the major penicillin-binding protein present 

in the membranes. Thus the major penicillin-binding protein in the membranes 

of~- stearothermophilus is a DD-carboxypeptidase. 

The breakdown of the complex between benzylpenicillin and the purified 

' 

DD-carboxypeptidase was investigated by studying the recovery of enzymic 

activity. The enzyme was treated with an exc~ss of benzylpenicillin followed 

by addition of ~-lactama.!eto destroy the unbound antibiotic. Recovery of 

enzymic activity occurred but 100% inhibition of activity was not observed 

at time O because breakdown of the benzylpenicillin-enzyme complex was 

occurring during the JO min period used to assay for enzymic activity. As 

has been shown in Fig. 5.1, the value of the half-life of the complex can 

be determined from a plot of log (% inhibition) against time without prior 

., 
correction of the results for this breakdown. Such a plot was linear 

(Fig. 10.7) suggesting that the breakdown reaction obeyed first order kinetics 

0 

with a half-life of 70 min at 37 C. This half-life is somewhat shorter 

than the value (100 min, Fig. 10.4) of the half-life of the release of 

radioactivity from membranes pretreated with cephalothin (conditions under which 



Fig. 10.6 Purification of the DD-carboxypeptidase of B. stearothermophilus 

by covalent affinity chromatography. 

Samples of the various fractions obtained as described in table 10.4 were 

prepared for electrophoresis as described in Section 2.6. Dodecylsulphate/ 

polyacrylamide gel electrophoresis followed by fluorography was carried out as 

described in Section 2.6. The fractions prepared for the gel were: 

A; membranes (JOOµg protein ) 

B; material solubilized by Genapol X-100 (200µg protein) 

C; material not adsorbed to ampicillin-affinose (200µg protein) 

D; hydroxylamine eluate 1 (Jc;>µg protein) 

E; residual pellet after solubilization with Genapol X-100 (250µ9 protein). 

(a) Proteins as revealed by staining with Coomassie brilliant blue. 

(b) Penicillin-binding proteins as detected by fluorography. 
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Fig. 10.7 Recovery of purified DD-carboxypeptidase activity after inhibition 

by benzylpenicillin. 

200µ1 (11µ9 protein) of purified DD-carboxypeptidase from~- stearo

thermophilus (Hydroxylamine eluate 1, Table 10.4, Fig. 10.6) was incubated 

with benzylpenicillin (10µ.g/ml) for 10 min at 37°c. 400 units of ~-lactamase 

0 

was then added and incubation c ontinued at 37 C. 100µ1 samples were removed 

at intervals and assayed for DD-carboxypeptidase activity by addition of 50 nmol 

(5µ1) of UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) and incubation at 37°c 
-2 

for JO min. The D-alanine released was estimated as described in Section 2.4. 

A control was taken through the same steps but without treatment with benzyl-

penicillin. o/a inhibition of DD-carboxypeptidase activity was calculated as 

described in Fig. 10.1. 
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release of radioactivity is assumed to be only from the DD-carboxypeptidase). 

It is a possibility that removal of the DD-carboxypeptidase from the membr-

anes may have altered the rate at which its complex with benzylpenicillin 

breaks down, although the half-lives of the complexes between benzylpenicillin 

and PBP1 of B. licheniformis , either membrane-bound or in a purified form, 

were identical (Section 8.3). 

10.3.3 Isolation and breakdown of the compl ex with the purfied DD-carboxy

peptidase. 

In order to be able to study the products released upon breakdown of 

the complex between benzylpenicillin and the DD-carboxypeptidase of~

stearothermophilus, it was necessaTi to separate this complex from free 

benzylpeniciliin. Attempts .to achieve this separation by gel filtration 

proved unsuccessful as the recovery of the radioactive complex was extremely 

low; less than 10% of the amount expected if 1:1 binding between benzylpenic

illin and the enzyme had occurred. Gel filtr~~ion was performed at 4°c 

on Sephadex G-25 or Biogel P2 equilibrated in 50mM sodium cacodylate/HCl, 

5mM MgC1
2

, pH 6.3 with or without the addition of 0.1% Genapol X-100. 

Even when an untreated sample of the purified DD-carboxypeptidase was subje

cted to gel filtration, only 10% of the original enzymic activity was 

recovered suggesti~g that this protein behaves anomalously during gel filtr

ation. It is not known whether the enzyme precipitates on the column or 

whether the enzyme has a cofactor that is removed during gel filtration 

resulting i~ a loss of enzymic activity. 

The next method attempted to remove free benzylpenicillin from the complex 

0 
was dialysis at 4 C, a temperature at which the half-life of the complex is 

in excess of 48 hours (Blumberg~~, 1974). 2ml of purified DD-carboxy-
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peptidase (1121.19 protein) was incubated with [
14

c]benzylpenicillin at 

1µ9/ml for 10 min at 37°c and then dialysed twice against 5 1 of 10 mM sodium 

0 
cacodylate/HCl, 5 mM MgCl , pH 6.3 for 5 hours at 4 C. In order to determine 

2 

how much free [ 
14 cJ benzylpenicillin was not removed by this procedure, a 

control was run in parallel that was identical excepted that it did not 

contain any DD-carboxypeptidase. The purified enzyme bound 7.6 nmol of 

[ 14 c]benzylpenicillin per mg of protein and the contamination due to 

unremoved free [ 14 c]benzylpenicillin was 7% (vide infra). Assuming a 

molecular weight of 45000 for the enzyme, the stoicheiometry of the complex 

formed was 0.34 mol of [ 14 c]benzylpenicillin bound per mol of enzyme •. 

Possible reasons for the lack of observation of a 1:1 stoicheiometry are 

that breakdown of the benzylpenicill~n~DD-carboxypeptidase complex occurred 

during dialysi~ together with the re~sons suggested for the lack of observed 

formation of a 1:1 complex between penzylpenicillin and PBP1 of B. licheni

formis (Section 8.3). 

The products released on breakdown of the cainplex were prepared by 

isolating bepzylpenicillin-DD-carboxypeptidase complexes using the 

dialysis procedure described above. In order to investigate both released 

products, experiments were performed with either [ 14 cJ- or [ 35]benzylpenicillin. 

0 
Breakdown of the complexes was achieved by incubation at 37 C for 200 min, 

by which time 87% of the enzymic activity had been recovered (Fig. 10.7). 

The enzyme was s eparated from the released material by gel filtration on 
'1 

Sephadex G-25 and the fractions containing radioactivity were pooled and 

lyophilized~ The radioactively-labelled material released from the complex 

was identified using the chromatographic methods described for identifying 

the compounds released from the membranes (Section 10.3.1). 

The [ 14 c]-labelled material co-chromatographed with phenylacetylglycine 
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in solvent systems a, band c (see Table 10.1 for the composition af the 

solven t s) . The sma ll contaminant pre s ent (Rf = 0.56; Fig . 10.8) had the 

same Rf as ben zyl peni cillin and wa s a ssume d to be benzylpenicil lin that had 

not been separate d f rom the isolated complex by the dialysis procedure 

(vide supra) . Hence the fragme n tation reaction that occurs with the membr

anes of~- stearo the rmophilus to produce phenylacetylglycine , also occurs with 

the purified DD- carboxypeptidase and this result is consistent with the 

DD-carboxypeptidase being the major penicillin-binding protein in the 

membranes of this organism. 

When [ 35s]benzylpenicillin was used to form the benzylpeni cillin-

DD-carboxypeptidase complex, the radioactive breakdown product behaved 

identically to the ma jor [ 35s] - label~ e d material released from the membranes 

when analysed by thin-laye r chronfatography. However, insuf ficient material · 

was availabl e fo r analysis by c~roma t o graphy on Amine x A5 , so this compound 

has not conclusive ly b e en s hown to be di-(!:!- formyl-D-penicillamine) disulphide 

f ormed by dimerisa t i on o f .!':!-formyl-D-p enici llamine. 

10.4 Products released from t h e comp l ex between benzylpen i ci l lin a n d PBP 1 

o f B. l i ch en iformi s . 

10 . 4 . 1 Isola tion a nd purifi cation of the comp l ex with membr a ne- bound PBP1 

As PBP1 of~- lich eniformis 94 is the only p enicillin- b i nding protein 

in thi s organism whos e covalent complex with benzy lpenicilli n subsequently 

breaks down , it is possib l e to study the produc t s released from this comp l ex 

withou t having to purify the prote in. Membranes of B. licheniformis were 

trea t e d with [ 14 c]be n zylpenicillin a nd unbound benzylpenicillin was remov ed 

by repea t ed sedimentation and washing of the membranes. The iso lated 

0 
membrane-bound benzylpenicillin-PBP complexes were incubated at 35 C for 1 



Fig. 10.8 Autoradiogram of a thin-layer plate used to identify the radioactive 

compound released from . the complex between [
14 c]benzylpenicillin and 

the purified DD-carbuxypeptidase of B. stearothermophilus. 

Autoradiogram of a thin-layer plate with a sample of [
14c]-labelled material 

released from the complex between [
14 c]benzylpenicillin and the purified 

DD-carboxypeptidase after 200 min incubation at 37°c. The [ 
14 c] -labe1led 

material was prepared as described in the text. 

The solvent system used for thin-layer chromatography was chloroform: 

methanol:acetic acid: 88:10:2 (v/v/v). The radioactive material with an Rf of 

0.35 co-chromatographed with added phenylacetylglycine (revealed by spraying 

with bromocresol green) and the material with an Rf of 0.64 is also ·present 

in standard phenylacetylglycine. The material with an Rf of 0.56 is thought 

to be [ 14 c]benzylpenicillin that was not removed during dialysis from the benzyl-

penicillin-enzyme complex. 
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hour and under these conditions, only the complex between PBP1 and 

benzylpenicillin will break down (Fig. J.1~), the half-life of the complex 

being 16 min. The radioactive material left in the supernatant after removal 

of the membranes by sedimentation will be the products released upon 

breakdown of the [ 14 c]benzylpenicillin-PBP1 complex. The released material 

was concentrated by lyophilization and subjected to gel filtration under 

similar conditions as used in the preparation of the breakdown products 

released from the membranes of B. stearothermophilus. Two poorly separated 

peaks of radioactivity were obtained and four sets of fractions (see Fig. 

10.9) were pooled and concentrated by lyophilization. The total yield of 

radioactive material after these procedures was 80% of the material released 

from the membranes. 

Analysis of the [ 14 c]-labelled•material by thin-layer chromatography 

and paper electrophoresis showed t~at the compounds in the four sets of 

pooled fractions were the same, indicating that the two peaks of radioactivity 

obtained upon gel filtration did not represent the separation of two radio-

active compounds. This anomalous behaviour of the radioactive compounds 

on gel filtra.tion may be due to the presence of large amounts of protein and 

lipid in the material released from the membran es during the 1 hour incubation 

0 
at 35 C. Th e radioactive products released were identified by comparison 

of their Rf values and electrophoretic mobilities with those of known 

standards. The two major released products were identified as phenyl
, 

acetylglycine (60% of the recovered radioactivity) and benzypenicilloic acid 

(27% of th~ recovered radioactivity). A small amount of material (1J %) 

that behaved identically to benzylpenicillin was also found. Hence there 

appears to be more than one route for the breakdown of the complexes between 

benzylpenicillin and PBP1 of B. licheniformis. [ 35s]benzylpenici llin was not 

II 



Fig. 10.9 Gel filtration of [ 14 c] -labelled material released from isolated 

[ 14C]benzylpenicillin-membrane complexes of B. licheniformis. 

15 ml of membranes from~- licheniformis 94 in 5mM sodium cacodylate/HCl, 

5mM MgC1
2

, pH 6.J were treated with [
1
4C] benzylpenicillin at 0.1µg/ml for 5 

min 
0 

at 35 C. The [ 14 c]benzylpenicillin-membrane complex was isolated by 

centrifugation and washing as described for B. stearothermophilus (Fig. 10.1) 

and resuspended in the above cacodylate buffer at 10 mg protein/ml. The isolated 

. 0 
complex was incubated at 35 C for 1 hour and the membranes were removed by 

centrifugation. The supernatant was taken to dryness in vacua, dissolved in 

0.5 ml of distilled water and applied to a column of Sephadex G-25 (JO x 1 cm) 

equilibrated in distilled water . The column was eluted with water (40 ml/h) 

and 1 ml fractions were collected. Determinations of radioactivity were made 

on 50µ.l samples as described in Section 2. 9 . Fractions 9 and 10; 11, 12 and 

13; 14; 15 and 16; were pooled separately and lyophilized. 
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available for experiments to be performed to identify the c35s]-labelled 

compounds released. However, if phenylacetylglycine is released by the 

membranes of~- licheniformis, then the other half o~ the fragmented molecule 

might be e:x;pected to be released in the form of .!'i_-formyl - D-penicillamine or 

the corresponding disulphide form of this compound. 

10.4.2 Isolation and breakdown of the complex with purified PBP1. 

In order to verify that the material identified as being released from 

membrane-bound PBP1 is the same as that released by the purified protein, 

it was necessary to isolate the complex between benzylpenicillin and purified 

PBP1. PBP1 was purified using the procedure described in Section 8.2 and 

contrary to the findings with the . DD- carboxypeptidase of~- stearothermophilus 

(Section 10.3.3), it was possibl~ to isolate a benzylpenicillin-PBP1 complex 

by separating free benzylpenici1lin from the complex by gel filtration on 

Sephadex G-25. Fig. 10.10 shows the details of such a separation, and it can 

be seen that the peak corresponding to the h1~h-molecular weight c1
4c]-

benzylpenicillin-PBP1 complex is well separated from unbound radioactive 

material • . From the amount of radioactivity in the high moleculir weight 

[ 14 
peak, it was possible to calculate the stoicheiometry of the C]benzyl-

peni cilli n- PBP1 complex iso late d by this procedure. 200 pmol of [ 14 c]benzyl-

penicillin we re bound t o 150µg of prote in and assuming that the molecular 

weight of PBP1 is 123000 (Table J.1), then the stciche iometry o f the complex 

is 0 . 17 mol of [
14

c]benzylpeni c illin bound per mol of protein. This value 

i s sibsta nti a lly lower tha n that (0 . 73:1) obtained when the complex was 

sta bilized by bo iling a nd the unboun d radioactive mate ria l was separated by 

paper electrophoresis (Fig. 8.4 ). The l ow value for the sto icheiome t ry 

obtained in the present experiment may be due either to breakdown of the 



Fig. 10.10 Isolation of the complex between [ 14 c]benzylpenic~lin and purified 

PBP1 of B. licheniformis by gel filtration. 

150µg of purified PBP1 of~- licheniformis 94, prepared as described in 

Fig. 8.3 was incubated with [ 14 c] benzylpenicillin at o.25µg/ml for 5 min at 

0 
35 C. The sample was then applied to a column (47 x 1 cm) of Sephadex G-25 

fine equilibrated in 50 mM sodium cacodylate/HCl, 5mM MgCl , pH 6.3. The 
2 . 

column was eluted at 40 ml/h with the above cacodylate buffer and 1.5 ml . 

fractions were collected. Determinations of radioactivity were made on 25µ1 

samples as described in Section 2.9. Fractions 15, 16 and 17 were pooled 

. 0 
and incubated at 35 C to allow breakdown of the complex to occur. This 

material was then lyophilized and subjected to gel filtration as described 

in Fig. 10.9. Fractions containing the peak of the released radioactive 

material were pooled and lyophilized (result not shown). 
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complex during gel filtration (it was not stabilized by boiling) or to poor 

recovery of the complex as was experienced with the DD-carboxypeptidase 

of~- stearothermophilus. 

The isolated complex between benzylpenicillin and purified PBP1 was 

0 
incubated at 35 C for 1 hour to allow breakdown of the complex to occur. The 

released radioactive compounds were analysed by thin-layer chromatography 

and two major radioactive compounds were found; phenylacetylglycine (70% 

of the released material) and benzylpenicilloic acid (20%). It was 

difficult to identify and quantitate the amounts of these compounds as some 

streaking of the radioactive material was observed which was assumed to 

be because of Genapol X-100 in the samples. However, the preliminary 

evidence suggests that the compounds released by the purified protein are 

the same as those released from the mernbrane-bound protein. 

10.5 Discussion. 

The breakdown of the complex between the purified DD-carboxypeptidase 

of~- stearothermophilus and benzylpenicillin appears to be identical to 

that observed with the purified exocellular DD-carboxypeptidase/transpeptidase _ 

of Actinomadura RJ9 and Streptomyces R61 (Frere.!::.!.~' 1975, 1976a). In 

these experiments, the breakdown products were shown to be phenylacetylglycine 

and ~formyl-D-penicillamine not only by co-chromatography with standards, 

but also by absolute determinations of chemical structure using mass 

' 
spectrometry and nuclear magnetic resonance spectrometry. Insufficient 

material was available in the present study for the identification of the 

released products by the latter methods, but if confirmation of the identity 

of the compounds were required, the experiments could be repeated on a 

larger scale to permit the isolation of larger amounts of the released 

material. 
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Using mass spectrometry, Hammar strom and Strominger (1975) have 

identified one of the degradation products of benzylpenicillin released from 

the membranes of.!!· stearothermophilmas phenylacetylglycine, thus confi rming 

the results presented here. The other half of the fragmented molecule 

of benzylpenicillin was identified as 5,5-dimethyl-~
2
-thiazoline-4-carboxylic 

acid (Hammarstrom and Strominger, 1976) but this is in disagreement with 

the present work and that of Frere et~ (1976a) in which the other product 

formed was identified as !!-formyl-D-penicillamine (or its disulphide). 

!!-formyl-D-penicillamine is the product formed when the thiazoline ring 

has been opened by hydrolysis (see Fig. 10 . 11). Fr.ere has claimed tha.t the 

identification of the intact thiazoline ring is dubious (Frere, 1977) as 

this compound spontaneously hydrolyses with a half-life of 130 sec at 55°c. 

The conditions under which this cofupound was allegedly isolated involved 

0 
incubation at 55 C for 50 min and, a ny intact thiazoline that might have 

been released during this period would therefore be expected to be hydrolysed. 

Frere, Ghuysen a nd de Graeve ( 1978) have found 't however, that the primary 

degradation product arising from the thiazolidine mo;r ty during the breakdown 

has no detectable -SH group but was further degraded into !!-formyl-D-penic

illamine. The unknown intermediate had a half-life of 15 min atJ7°C and 

could not be 5,5-dimethyl-~
2
-thiazoline carboxylic acid as thi s compound has 

a half-life of 54 min under the same conditions. 

In the present investigation, the identification of the released products 
., 

has been restricted in some experiments to a study of the radioactive 

product(s) released after formation of the complexes with [
1
4C]benzylpenicillin. 

The reason why extensive investigations have not been made with benzylpenic-

illin labell ed in the side-chain is that a source of a suitably labelled 

benzylpenicillin of high specific activity was not available. Although the 



Fig. 10.11 Proposed reaction mechanism for the breakdown of benzylpenicillin

PBP complexes. 

The numbered compounds are: 

1) Benzylpenicillin 

4) Phenylacetylglycyl-PBP 

5) Phenylacetylglycine 

6) 5,5-dimethyl-l:l.
2
-thiazoline-4-carboxylate 

7) !:!_-formyl-D-penicillamine 

8) Di-(!:!_-formyl-D-penicillamine) disulphide 

11) Benzylpenicilloic acid 

X is the group in the penicillin-binding protein to which benzylpenicillin 

is boundo 
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[ 35s]benzylpenicillin used in the study of the DD-carboxypeptidase of~ 

stearothermophilus was specially synthesized for this work, its initial 

specific activity was only JO% that of the commercially available [ 14cJ

benzylpenicillin and as the half-life of 35s is 88 days, the specific 

activity of the [ 35s]benzylpenicillin fell to an extremely low level during 

the course of this project, thus rendering it unsuitable for further 

investigations. It is important to have the released products labelled at 

the highest specific activity possible as it is practically impossible 

to distinguish the [ 35s]-labelled products from benzylpenicilloic acid by 

thin-layer chromatographic techniques and much larger amounts of radioactive 

material are necessary for the liquid chromatographic procedures. 

A molecular mechanism for the• fragmentation of benzylpenicillin is 

proposed in Fig. 10.11. The C5-Cp bond in the bound benzylpenicilloyl 

residue is cleaved, resulting in the liberation of 5,5-dimethyl-fr-thiazoline-

4-carboxylic acid and the formation of a pheny.facetylglycyl derivative of 

the enzyme. In order that both fragments of the molecule are released at 

the same rate (as was observed in Fig. 10.1), it must be assumed that 

hydrolysis of phenylacelylglycyl-enzyme is very rapid and that the fragment

ation reaction (Fig.11(2)) is the rate-limiting step in the breakdown process. 

It has been suggested that breakdown is an enzymically catalysed reaction 

as it does not take place after the enzyme has been denatured (Blumberg et 

al, 1974) . The fragmentation reaction could be catalysed by the enzyme if 

it contained suitable acidic and basic amino acids to take up and supply 

protons at the positions indicated (Fig. 10.11(2), (3)). The relative 

positioning of these groups in enzymes from different bacteria could 

account for the different rates of breakdown that are observed. The rate of 
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fragmentation depends on the derivative of penicillin used and the steric 

nature of the different side chains in these penicillins could affect the 

ease of formation of the planar transition state (Fig. 10.11(2)) necessary 

for the breakdown reaction, thus resulting in the different rates of break-

down that are observed. 

Recent work by Frere, Ghuysen and de Graeve (1978) on the breakdown of 

the benzylpenicillin-DD-carboxypeptidase complex from Streptomyces R61 

has indicated that the benzylpenicillin-enzyme complex has an intact 

C5-C6 bond, that penicillin fragmentation did not involve the transitory 

formation of an intermediate containing a double bond between C5 and C6, 

and that the rupture of the C5-C6 bond is accompanied by the formation of 

an activated !i_-acylglycyl moiety. All these observations are consistent with 

the model proposed in Fig. 10.11. 

It would appear that two different breakdown reactions were occurring 

simultaneously during the breakdown of the complex between benzylpenicillin 

and PBP1 of B. licheniformis. Che reaction invoives the fragmentation of 

benzylpenicillin to form phenylacetylglycine and another fragment containing 

the nucleus of the molecule and the other reaction involves hydrolysis of 

.the benzylpenicilloyl-PBP1 link resulting in the release of benzylpenicilloic 

acid. Preliminary studies on the products released from the complex between 

[ 14C]benzylpenicilli? and purified PBP5 of Salmonella typhimurium (S.T. 

Shepherd; personal communication) have suggested that this complex also 

breaks down in two different ways to form [ 14 c]phenylacetylglycine and 

[ 14 c]benzylpenicilloic acid. Fig. 10.11 shows how a benzylpenicilloyl-PBP 

complex could break down via two pathways thus yielding two sets of break-

down products. The relative proportions of the two sets of products formed 

would depend on the relative rate constants for the two branches of the 
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reaction scheme. Hence the breakdown of the complex between benzylpenicillin 

and the DD-carboxypeptidase of B. stearotherrnophilus would occur exclusively 

via the left-hand route involving fragmentation of the bound molecule, 

whereas the complexes with the DD-carboxypeptidase of Proteus mirabilis 

(Schilf _!:.!. ~, 1978) and the DD-carboxypeptidase 1A of E.coli (Tamura, 

Imae and Strominger, 1976) would break down via the right hand route to 

yield benzylpenicilloic acid. Presumably both routes can operate simultan

eously for complexes with PBP1 of B. licheniformis and the DD-carboxypeptidase 

of~- typhimurium. 

The penicillin-binding proteins that fragment bound benzylpenicillin are 

not acting as simple ~-lactamases which would result in the release of 

benzylpenicilloic acid. Thus the existence of the fragmentation reaction 

does not directly support the hypothesis of Tipper and Strominger (1965) 

that ~-lactamases could have evolved from enzymes inhibited by penicillins. 

The PBPs that release benzylpenicilloic acid are however acting as ~-lactam

ases although of very low efficiency. As the ftagmentation reaction is 

not a universal mechanism for the breakdown of benzylpenicillin-DD-carboxy

peptidase complexes, it is unlikely that this reaction is normally part 

of the mechanism of the DD-carboxypeptidase reaction. Hammarstrom and 

Strominger have, however, suggested that the fragmentation reaction 

normally functions to release D-alanine from the enzyme (Hammarstrom and 

Strominger, 1975). 
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11. THE PURIFICATION OF PBP1 OF E. COLI 

11.1 Introduction. 

The genetic approach to the elucidation of the functions of the PBPs 

of E'..• c<>li has recently provided much evidence (Spratt, 1975; Tamaki, 

Nakajima and Matsuhashi, 1977; Suzuki, Nishimura and Hirota, 1978) that, in 

this organism, at least one of the components of PBP1 is involved in the 

terminal stages of peptidoglycan biosynthesis and may represent the 

target of penicillin action. It was wondered whether the techniques used 

for the purification of PBP1 of Bacilli could be applied to E.coli in order 

to obtain a pure sample of PBP1 that could be tested for in vitro model 

transpeptidase activities. The strain used in this investigation was E'..· coli 

~600 (described in Section 2.1) bec~use it contains larger amounts of PBP1 

than the parent organism (B.G. Sprqtt, personal communication). 

11.2 The PBPs of E. coli . 

The profiles of penicillin-binding proteins found in E'..• coli (Spratt, 

1977a) and~- typhimurium (Shepherd, Chase and Reynolds, 1977) appear to be 

remarkably similar to that obtained for B. megaterium (Fig. 3.4). In order 

to compare the profiles o f the thre e organisms directly, samples of membranes 

from each organism were run on the same geL The outer membrane proteins 

present in the samples of the Gram-negative organisms interfere with the run
.., 

ning of the gels (Spratt , 1977a) and in order to eliminate this problem, the 

inner memqrane proteins were selectively solubilized after treatment with 

[
1
4C]benzylpenicillin by the detergent Sarkosyl NL-97 as described by Spratt 

(1977a). The modified gel syst em developed by Spratt , Jobanputra and Schwa rz 

(1977 ) was used in this experiment as this would al l ow resolution of the 
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components of PBP1. The modifications to the gel system are described in 

Secti on 2.6.1. Although the relative profiles of E.coli and B. megateri um 

are similar (Fig. 11.1), the molecular weights of the PBPs of E.coli 

are lower than those of B. megaterium. The molecular weights of the 

PBPs of S. typhimurium are very similar to those of E:_· coli (Table 11.1), 

but PBPs 2 and J of~- typhimurium (Shepherd, Chase and Reynolds, 1977) were 

not detected in this experiment, although they were found in experiments in 

which the total membrane protein was applied to the gel without prior 

treatment with Sarkosyl. It is a possibility that PBPs 2 and J are 

present in the material insoluble in Sarkosyl, or that treatment with 

this detergent causes loss of [ 14c]benzylpenicillin from these PBPs. 

Shepherd, Chase and Reynolds (1977) have reported that PBPs 2 and J of S. 

typhimurium are denatured after treatment with the detergent Genapol X-100. 

PBP1 of E. coli was only partially res,ilved into two components; 

the component with the higher molecular weight being present in a larger 

' ,; 

amount. Whether these components correlate directly with PBP1-A and PBP1-B 

as defined by Spratt, Jobanputra and Schwarz (1977) is not known. Fig. 11.1 

also shows no evidence for PBP5/6 in E.coli as a single band at this 

position was obtained (PBP5). PBP5/6 has been found routinely in !• coli 

by Spratt (Spratt, 1975, 1976, 1977a, 1977b, 1977c) although other workers 

(Iwaya and Strominger, 1977; Matsuhashi ~~. 1977; Tamaki, Nakajima and 

Matsuhashi, 1977; Suzuki, Nishimura and Hirota, 1978) have failed to find 
' 

two bands in this position. The source of membranes used by Spratt is 

cell-wall/membrane fraQments prepared by soniciation of whole cells whereas 
r, 

' the membranes used in the present study were isolated from suspensions of 

lysed spheroplasts (Section 2.3.4). It is possible that the different methods 

of preparation may result in the different profiles of PBPs that were 



Fig. 11.1 Comparison of the PBPs of E. coli, S. typhimurium and B. megaterium. 

200µ1 samples of membranes of R· ~ ( track A) (prepared as described in 

Section 2.3.4) and of§_. typhimurium (track B) (the kind gift of Mr S.T. Shepherd ) 

were treated with [ 14 c]benzylpenicillin and prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described by Spratt (1977a). 50µ1 of the 

prepared samples were loaded onto the gel. Track C is a 50µ1 sample of 

membranes of_!!. megaterium prepared for electrophoresis as described in Section 

2.6. Electrophoresis was perf<Jrmed using the modifi ed conditions described 

in Section 2.6.1 . 

(a) Proteins as revealed by staining with Coomassie brilliant blue., 

(b) Penicillin-binding proteins as detected by fluorography. 

u ) 

-CD .0 -



Table 11.1 Comparison of the molecular weights of the PBPs of E.coli, 

S. typhimurium and B. megaterium. 

The molecular weights of E. coli and~- typhimurium were determined by 

comparison of their mobilities .on dodecylsulphate/polyacrylamide gel 

electrophoresis (Fig. 11.1) with the mobilities of the PBPs .of~- megaterium. 

The values of the molecular weights of the PBPs of B. megaterium were taken 

from table 3.1. 

Organism 

E. coli S. typhimurium - B. megaterium 

PBP 

100 OOO 
100 OOO 123 OOO 1 96 OOO ' ,; 

2 70 OOO -* 94 OOO 

3 64 OOO -* 83 OOO 

4 49 OOO 48 OOO 70 OOO 

. 5 38 OOO 37 OOO 45 OOO 

* PBPs 2 and 3 of S. typhimurium were not found in the present study. 
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observed. In order to discover whether PBP5/6 is present in the membranes 

prepared by Spratt or whether the apparent separation of two components is 

an artefact of the polyacrylamide gel procedure, it would be interesting 

to compare the PBPs in the two preparations of membranes on both gel 

systems. It is a possibility that PBP5/6 arises by proteolysis of a 

single component (PBP5) under the conditions used by Spratt. 

11.J Isolation of the PBPs by affinity chromatography. 

Previous attempts to isolate the PBPs of!• coli by affinity chroma

tography using a ~-lactam attached to an inert support have yielded results 

unexpected from the behaviour of the bacillary PBPs on covalent affinity 

chromatography. Pollock et~ (1974).and Gorecki~~ (1975) found that 

although it was possible to adsorb ttte DD-carboxypeptidase of!·~ to 

columns of a derivative of penicilli,n linked to an inert support, the enzyme 

could be eluted from such a column simply by washing with a buffer containing 

sodium chloride rather than by treatment with hyd~xylamine as is necessary 

to elute the DD-carboxypeptidases of~- subtilis, ~- stearothermophilus, 

B. megaterium, ~- licheniformis and~- typhimurium. Elution with sodium 

chloride implied that the DD-carboxypeptidase was forming a non-covalent 

complex with the affinity resin. Strominger ~~ (1974) attempted to 

isolate the PBPs of E. coli using the technique developed for the isolation 

of the PBPs of~- subtilis (Blumberg and Strominger, 1972b), but analysis 
? 

of the material eluted by treatment with hydroxylamine showed the presence 

of at l east 10 major proteins , many o f which did not correspond to any of 

the PBPs in the membr a nes. The authors conclude d that these additional 

proteins may be binding to the affini t y resin by s t rong non- c ova lent fo rces . 

I decided to reinvestigate the isolation of the PBPs of E.coli by affinity 

11 
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chromatography using the techniques described in Chapter 7. 

Preliminary experiments on the solubilization of the PBPs of E.coli 

by Genapol X-100 showed that treatment of membranes with 1% Genapol X-100 

in 50mM Tris-HCl, 1mM EDTA, pH 8~7 for 10 min at 37°c resulted in the 

solubilization of the majority of PBPs 1, 4 and 5 (Fig. 11.2, track B). 

Material solubilized by this procedure was subjected to covalent affinity 

chromatography on ampicillin-affinose using the procedure described for 

the isolation of the PBPs of Bacilli (Section 2.5). Examination of the 

fractions obtained from the isolation procedure showed that a substantial 

amount of penicillin-binding material was not adsorbed to the affinity resin 

(Fig. 11.2, track C) and that penicillin-binding proteins were also eluted 

from the column during the wash with 1 .M ' sodium chloride (Fig. 11.2, track D). 

The hydroxylamine eluates contained PBP5 (Fig. 11.2, tracks E-J) together 

with small amounts of PBP1 and PBP4 a~though the majority of these latter 

two PBPs was present in the 11unadsorbed 11 fraction or in the salt wash. 

Hence coval ent affinity chromatography was not an ~fficient method for 

isolating the PBPs of E.coli. 

It was not clear why the PBPs of E.coli were behaving so differently 

to those of~- typhimurium and ~o megaterium which are readily adsorbed to 

ampicillin-affinose (Shepherd, Chase and Reynolds, 1977; Fig. 7.2). While 

~ 
it is possible that the PBPs of E.coli are substantially different ;t-6 those 

of S. typhimurium and do not bind covalently to ampicillin-affinose, another 
., 

possible explanation is that there was some factor present in the material 

extracted ,f rom the membranes of E . coli (presumably an enzyme) that was 

interfering with the affinity chromatography procedure, perhaps by breaking 

down t he a ffinity res in . If thi s were so , it might be possibl e to sepa ra t e 

tl1i s p r otein from PBP1 by ion- excha nge chromatography thus allowing the 

I 

11 

I' I 
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Fig. 11.2 Attempted isolation of the PBPs of E. coli by covalent affi n i ty 

chromatography. 

20 ml of membranes of~- coli (200 mg protein), (track A), were solubilized 

by treatment with 1% Genapol X-100, 50 mM Tris-HCl, pH 8.7 for 10 min at 

0 
37 C. The material remaining in the supernatant after centrifugation at 165000 

0 

x .9.. for 1 hour at 4 C (track B) was applied to a column of ampicillin-affinose 

to which the majority of proteins were unadsorbed (track C). The column was 

washed with 50 ml of 1M NaCl, 25 mM Tris-HCl, pH 8.8 containing 0.1% Genapol 

X-100 and some penicillin-binding proteins were eluted from the ampicillin

affinose by this procedure (track D). The PBPs were also eluted by treatment 

with hydroxylamine as described in Section 2.5. The periods of incubation with 

hydroxylamine were O min (E); 0-1 min (F); 1-10 min (G); 10-30 min (H); 30-100 

min (I) and 100-300 min (J). 

Samples of the various fractions were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described in Section 2.6. 

(a) Proteins as revealed by staining with Coomassie brilliant blue. 

(b) Penicillin-binding proteins (PBPs) as revealed by fluorography. 

The amounts of the fractions used for electrophoresis were: 

(A) 50µ1; (B) 100µ1; (c) 150µ1 ; (D) 2 ml; (E)-(J) 300µ1. 
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subsequent isolation of PBP1 by affinity chromatography . 

11 ~4 Ion- excha n ge chromatography. 

Material solubilized from the membranes of!• coli by treatment with 

Genapol X- 100 was applied to a column of DEAE-Sepharose CL--6B followed by 

elution of the column with a gradient of sodium chloride as was used in 

the separation of the PBPs of B. megaterium. The presence of PBPs in the 

effluent was assayed by treating samples of alternate fractions with 

[ 14C]benzylpenicillin followed by dodecylsulphate/polyacrylamide gel electro

phoresis and fluorography (Fig. 11.J). PBP5 was completely separated from 

PBPs 1 and 4 although it was difficult to determine whether these latter 

two PBPs had been separated from each other as the gel had been overloaded 

for these fractions as judged by inspecti on of the Coomassie blue stain 

(Fig. 11.Ja). 

The distribution of DD-carboxypeptidase activity throughout the column 
,,. 

eluate was determine d and two peaks o f activity were found (Fi g . 11 . 4) . 

The smaller p eak of activity correlate d wi th the distribution of PBP5 and 

the lar ger pea k follow e d t h e distributi on o f PBP4, suggesting that bo th of 

these PBPs were ca t a l ysing the rel eas e of D-al ani ne from UDP-Mur NAc- L--Ala-

D-Glu-(msA pm-D-Ala-D-Ala). The distribution of DD-carbo x ypeptidase ac t i~ 
-2 

v i t y was v ery simi l ar- to that f ound previous ly by Po llo ck et al (1974 ) wh en 

ma t erial solubilized form the membranes of E. coli K12 with · Brij-J6T and 
1 

s u b j ect e d to ion-exchange chroma tography on DEAE-cel lu l ose . Tamura , Imae and 

Strominger . (1976) found two peaks of DD-carboxypeptidase activity upon 

fractionation of material solubilized from the membranes of!• coli by Triton 

X-100 in the presence of LiCl. The two peaks of activity corresponded to 

DD-carboxypeptidase 1A and DD-carboxypeptidase 1B. Comparis,>n of the 

I I 
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subsequent isolation of PBP1 by affinity chromatography. 

11.4 Ion-exchange chromatography. 

Material solubilized from the membranes of~- coli by treatment with 

Genapol X-100 was applied to a column of DEAE-Sepharose CL-6B followed by 

elution of the column with a gradient of sodium chloride as was used in 

the separation of the PBPs of B. megaterium. The presence of PBPs in the 

effluent was assayed by treating samples of alternate fractions with 

[ 14C]benzylpenicillin followed by dodecylsulphate/polyacrylamide gel electro

phoresis and fluorography (Fig. 11.3). PBP5 was completely separated from 

PBPs 1 and 4 although it was difficult to determine whether these latter 

two PBPs had been separated from each other as the gel had been overloaded 

for these fractions as judged by inspection of the Coomassie blue stain 

(Fig. 11.Ja). 

The distribution of DD-carboxypeptidase activity throughout the column 

,,. 
eluate was determined and two peaks of activity were found (Fig. 11.4). 

The smaller peak of activity correlated with the distribution of PBP5 and 

the larger peak followed the distribution of PBP4, suggesting that both of 

these PBPs were catalysing the release of D-alanine from UDP- MurNAc-L-Ala-

D-Glu-(msA pm-D-Ala-D-Ala). The distribution of DD-carboxypeptidase acti~ 
-2 

vity was very simi-lar to that found previously by Pollock .!:.!_!!l (1974) when 

material solubilized form the membranes of E.coli K12 with Brij-J6T and 
~ 

subjected to ion-exchange chromatography on DEAE-cellulose. Tamura, Imae and 

Strominger . (1976) found two peaks of DD-carboxypeptidase activity upon 

fractionation of material solubilized from the membranes of~- coli by Triton 

X-100 in the presence of LiCl. The two peaks of activity corresponded to 

DD-carboxypeptidase 1A and DD-carboxypeptidase 1B. Comparis.in of the 



Fig. 11.J Separation of the penicillin-binding proteins of E.coli by ion

exchange chromatography. 

20 ml of membranes of E:_• coli were solubilized as described in the legend 

to Fig. 11.2. The solubilized material was dialysed against 50mM 2-amino-2-

methyl-1,J-propanediol/HCl, 0.1% Genapol X-100, pH 9.5 and subjected to ion

exchange chromatography on DEAE-Sepharose CL-6B using the conditions described 

for~- megaterium in Fig. 7.5. 1 ml samples of alternate fractions were 

prepared for dodecylsulphate/polyacrylamide gel electrophoresis as described 

in Section 2.6. 

(a) Proteins as revealed by staining with Coomassie brilliant blue. 

(b) Penicillin-binding proteins as detected by fluorography. 
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Fig. 11.4 
Distribution of DD-carbox peptidase activit after ion-exchan e 

chromatography of material s olubilized from the membranes of E. 

coli. 

20µ1 samples of alternate fractions (obtained as described in Fig. 11.3) 

were added to 50 nmol (5µ1) of UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) -2 

and 5µ1 of 300mM Tris-HCl , 150mM MgCl , pH 8.8 and incubated for 2 hours at 
2 

0 37 C. The D-alanine released was estimated as described in Section 2.4. 
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properties of these proteins with those of the PBPs observed in the present 

study suggests that PBP5 corresponds to DD-carboxypeptidase 1A and PBP4 

corresponds to DD-carboxypeptidase 1B. 

In order to check whether there were any fractions that contained PBP1 

in the absence of PBP4 (to determine whether PBP1 also has DD-carboxypepti

dase activity), a gel was run of samples of all fractions from the region 

of the column eluate that contained PBPs 1 and 4 . Fig. 11.5 shows that 

partial separation of these PBPs had occurred and that fractions were 

present that contained PBP1 but not PBP4 and vice versa. PBP1 appeared to 

consist of two components of similar molecular weight which eluted in 

slightly different positions with the one of higher molecular weight being 

eluted first. It is not known wh~ther these two components of PBP1 are 

present in the manbranes of this brganism as the emergence of an additional 

component of PBP1 was noticed whtm the membranes of ~- coli were solubilized 

with Genapol X-100 (compare Fig. 11.2, tracks A and B). Similarly, Shepherd, 

Chase and Reynolds (1977) noticed that PBP1 of'~- typhimurium which appeared 

as a single component in the membranes was present as a doublet or triplet 

after ion-exchange chromatography. 

The DD-carboxypeptidase activity of each fraction used for the gel 

shown in Fig. 11.5 was measured and the distribution of this activity foll

owed precisely the distribution of PBP4 throughout these fractions (Fig. 

11.6). Fractions 40-43, containing either or both the components of PBP1 

showed no release of D-alanine from UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala
- 2 

D-Ala) sug,gesting that PBP1 of E. coli is not a DD-carboxypeptidase capable 

of releasing D-alanine from this substrate. 

In order to test whether either component of PBP1 was a transpeptidase 

able to catalyse the formation of dimers from the peptide substrate 



Fig. 11.5 Separation of the penicillin-bindin proteins of E.coli b ion

exchange chromatography. 

The gel used to determine the distribution of penicillin-binding proteins 

in the fractions obtained by ion-exchange chromatography on DEAE-Sepharose 

was severely overloaded for fractions 35-41 (Fig. 11.3). In order to determine 

the distribution of PBP1 and PBP4 amongst these fractions, a second gel with 

less material from each fraction was run. 0.5 ml samples of fractions 33-43 

obtained as described in Fig. 11.3 were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described in Section 2.6 

(a) Proteins as revealed by staining with Coomassie brilliant blue, 

(b) Penicillin-binding proteins (PBPs) as detected by fluorography. 
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Fig. 11 . 6 Distribution of DD-carbo 
eptidase activit after ion-exchan e 

chromatography of material solubilized from the membranes of 

E.coli (continued). 

20µ1 samples of fractions 33-43 (obtained as described in Fig. 11.3) were 

incubated with 50 nmol (5µ1) of UDP-MurNAc-L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) -2 

and 5µ1 of 300 mM Tris-HCl, 150 mM MgCl , pH 8.8. The samples were incubated 
2 

for 45 min at 37°c and the D-alanine released was measured as described in 

Section 2 .4. 
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L-Ala- D- Glu- (m sA pm-D-Ala-D-Ala ) , 10 ml of fractions 40 and 43 (fractions 
- 2 

that contained one or oth er o f t he compon ents of PBP1 bu t n o other PBP) 

were dialysed a gainst 25 mM Tris-HCl, pH .8 .0 and concentrated separately to 

0.5 ml by ultrafiltration using an Amicon UM-10 membrane. These concentrated 

fractions failed t o releas e D-alanine from the pentapeptide substrate in 

the presence or absence of 25 mM MgC1
2 

suggesting that PBP1 is neither 

a DD-carboxypeptidase against this substrate nor can it catalyse the 

formation of dimers from the substrate by transpeptidation as this activity 

would be accompanied by the concomitant release of D-alanine . However, when 

10 ml of fraction 37 (Fig. 11.5), which contained PBP4 as the only PBP 

was dialysed and concentrated as described above, it was found that the 

concentrated material catalysed the formation of nonapeptide dimers from the 

• 
substrate . This wa s not the only activity that was catalysed; some of the 

pentapeptide substra te and the nonapeptide dimer h a d the C-terminal D-alanine 

residue remove d by DD-carboxypeptidase activity and the dimers formed were 

.. ,, 
observed at later stages in the time course t o b e hyQrolys e d to p entapetide 

a n d t e tra p ep tide monom ers, i e. the material in t his fraction was also 

catalysing an endop eptidase r eaction. The radioa ctively-labelled substrate 

L-Ala-D-G lu- (~- 2 ,6- diamino- [1,7
14 c] p ime lyl - D-Ala-D-Al a ) was u s e d to a ll ow 

a direct quantitative estimate of the products f or med (Fig. 10 . 8 ). The 

i nitia l ra t io of subs trate hydrolysed to substrate trans peptidated was 1.9:1 

with a ma xi mum of 11% of the substrate converted t o d i mer. 

Shepherd, Chase and Reynolds (1977 ) showed previ ous l y tha t frac tions 

containing . PBP4 of Salmonella typhimurium as the only penicillin-binding 

pro tein catalysed DD-carboxypeptidase , model transpeptidas~ and endopeptidase 

reactions. The initial ratio of substrate hydrolysed to transpeptidated was 

1.5:1 and the maximum amount of substrate converted to dimer was 14%. 



Fig. 11.7 Enzymic activities of PBP4 of E.coli. 

10 ml of fraction 37 (obtained as described in Fig. 11.3) containing PBP4 

of E.coli (Fig. 11.5) was dialysed against 5 l of 25 mM Tris-HCl, pH 8.8 and 

concentrated by ultrafiltration on an Amicon UM10 membrane to 0.5 ml. 90µ1 

of this concentrated material was added to 30µ1 of L-Ala-D-Glu-(~-[1,7-
14c]

o 
A pm-D-Ala-D-Ala) (10mM, 2 Ci/mol) and Jµl of 1 M MgCl and incubated at 37 C. 

2 2 

15µ1 samples were removed at intervals, boiled for 1 min to terminate the 

reactions and applied to an electrophoretogram. The products of the reaction 

were separated by electrophoresis in pyridine/acetate buffer at pH 6~5 for 

90 min at 50V/cm, located by autoradiography and identified by means of their 

predicted electrophoretic mobilities (Shepherd, Chase and Reynolds, 1977) . 

(see Fig. 9.1). 

The radioactive compoun& found are inter-related by the pathway shown. 

cp'ase = DD-carboxypeptidase; tp 1ase = transpeptidase; en'ase = endopeptidase 

activity 
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Fig. 11.8 Time course of the concomitant hydrolysis and transpeptidation of 

[ 14 L-Ala-D-Glu-(ms- 1,7- C]A pm-D-Ala-D-Ala) catalysed by PBP4 of 
2 -

· E. coli. 

The formation of dimers in the natural model transpeptidation reaction 

described in Fig. 11.7 was quantitated by cutting out the radioactive areas on 

the electrophoretogram and determining the amount of radioactivity present 

as described in Section 2.9 . 

( O) substrate hydrolysed ; ( e) substrate converted to dimer. 
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Hence the results for E:_· coli and~- typhimurium are very similar. Further 

work (S.T. Shepherd,personal communication) in which PBP4 of~- typhimurium 

has been purified to protein homogeneity confirmed that all three reactions 

are catalysed by the same protein and are all equally sensitive to penicillin. 

Although PBP4 of E. coli has yet to be purified to protein homogeneity, it 

appears likely that this protein is also catalysing all three reactions. 

The possibility that a single protein can catalyse these reactions has been 

discussed by Ghuysen et !!2:.. (1975 ) and a common reaction me chanism can be 

proposed for all three activities (Section 1.9). 

11.5 Isolation of PBP1 of E. coli. 

In an attempt to isolate PBP1 from those fractions obtained by ion

exchange chromatography that contain this PBP as the sole penicillin- binding · 

protein, fraction 39 and 6 ml of fraction 40 (Fig. 11.5) were pooled and 

concentrated to 10 ml by ultrafiltration. The concentrated material was 

' ,1 

subjected t o covalent affinity chromatography on ampicillin-affinose and 

samples of the various fractions obtained were analysed by dodecylsulphate/ 

polyacrylamide gel electrophoresis. Fig. 11.9 shows that there was almost 

no PBP1 present in the material that was unadsorbed to ampicillin- affinose 

(track B); a result that was significantly different f'rom the attempts to 

isolate the PBPs from the crude Genapol X-100 extract of membranes (Fig. 

11.2). PBP1 was eluted from ampicillin-affinose by_ successive incubations 

with hydroxylamine (Fig. 11.9, tracks D-I) but was slightly contaminated by 

the presence of two other proteins, neither of which bound [ 14c]benzylpenic-

illin. These proteins were major components in the concentrated material 

a~plied to ampicillin-affinose (Fig. 11.9, track B) and may not have been 

completely removed from the affinity resin by washing with salt. 



Fig. 11.9 Isolation of PBP1 of E.coli from fractions obtained by ion-exchange 

chromatography. 

Fraction 39 and 6 ml of fraction 40 (obtained as described in Fig. 11.3) 

were pooled and concentrated to 7 ml by ultrafiltration using an Amicon UM10 

membrane. The concentrated material (track A) was applied to ampicillin-aff

inose to which the majority of proteins (except PBP1) were unadsorbed (Track B). 

PBP1 was eluted from ampicillin-affinose by treatment with hydroxylamine as 

described in Section 2.5. The periods of incubation with hydroxylamine were 

0 min (D), 0-1 min (E), 1-10 min (F), 10-30 min (G), 30-100 min (H) and 100-300 

min (I). Track C is a sample of membranes of E.coli 

Samples of the various fractions were prepared for dodecylsulphate/poly

acrylamide gel electrophoresis as described (Section 2.6). Electrophoresis 

was performed using the modified conditions with a reduction in the degree 

of cross-linking of the polyacrylamide as described in Section 2.6.1. 

(a) Proteins as revealed by staining with Coomassie brilliant blue, 

(b) Penicillin-binding proteins as detected by fluorography . 

The amounts of the fractions prepared for electrophoresis were: 

(A) 100µ1; (B) 200µ1; (C) 65µ1; (D)-(I) 300µ1. 
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Incubation of samples of the hydroxylamine eluates with lJDP-MurNAc-L-Ala

D-Glu-(msA pm-D-Ala-D-Ala) or L-Ala-D-Glu-(msA pm-D-Ala-D-Ala) did not 

-2 -2 

result in the release of any D-alanine w.hich confirmed that PBP1 of E. coli 

is not a DD-carboxypeptidase nor can it catalyse the formation of cross-linked 

dimers from the pentapeptide substrate. 

11.6 Discussion. 

The anomalous behaviour of the penicillin-binding proteins of E'._• coli 

on affinity chromatography first reported by Pollock et~ (1974) and 

Gorecki et~ (1975) was also observed in the present study. There may be 

a factor present in the material solubilized from the membranes of E'._• ~ 

that .isresponsible for partially preventing the penicillin-binding proteins 

• 
from binding to ampicillin-affinose, presumably by breaking down the 

affinity resin. In order to confirm this hypothesis, it would be interesting 

to see whether the isolation of the PBPs of B. megaterium by affinity 

chromatography was affected by addition of ma1erial solubilized from the 

membranes of E.coli before incubation with ampicillin-affinose. This 

addition should result in some of the PBPs of~- megaterium being unadsorbed 

to the affinity resin. Ion-exchange chromatography of the solubilized 

proteins from the membranes of E'._· coli apparently resulted in the separation 

of PBP1 from the -factor interfering with affinity chromatography as PBP1 . 

was adsorbed to ampicillin-affinose after this procedure. 

The purification of PBP1 of E'._• coli t o near protein homogeneity is an 

important .step in understanding the mechanism of penicillin action in this 

organism. The experiments reported here would have to be repeated on a much 

larger scale in order to obtain sufficient quantities of PBP1 to study the 

interaction of [
1
4C]benzylpenicillin with the purified protein in a manner 
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similar to that used for PBP1 of B. licheniformis (Section 8.3) or to 

investigate the chemistry of the protein. It was interesting to find 

that PBP1 of E. coli was similar to PBP1 from Bacilli in that it did not 

catalyse any natural model transpeptidation reactions and was not a DD-carb

oxypeptidase. 

,,., 

-
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12. WHY DOES PENICILLIN CNLY KILL GRCWING CELIS ? 

12.1 Introduction. 

It has been known for many years that penicillin only kills growing 

cells. Hobby, Mayer and Chaffee (1942) demonstrated that the lethal 

bacteriolytic activity of penicillin occurred only under cr>nditions 

favourable to growth. These results were confirmed by Todd (1945) and Chain 

and Duthie (1945) who showed that penicillin had no effect on the oxygen 

uptake or viability of resting bacteria, but exerted a strong bactericidal 

action and quickly abolished oxygen uptake of micro-organisms in the lag or 

exponential phases of growth. However, very little work has been done to 

elucidate the reasons for the r~sistance to penicillin shown by cells in 

the stationary phase of growth.' 

Gale et~ (1975) have shpwn that the resistance of stationary phase 

cultures of Candida albicans to amphotericin methyl ester is due to an 

alteration in the cell wall that prevents tHe antibiotic from reaching 

the cytoplasmic membrane, its target of action. Hence, I decided to 

investiga-t e whether a similar mechanism was responsible for the resistance 

of bacteria to penicillin in the stationary phase. 

12. 2 The peni c il l in-binding prote ins of Bacillus megaterium in different 

pha ses of growth . 

A comparison of the PBPs of stationary phase and exponentially growing 

cel ls of~- megaterium was made t o see wh e ther there we re any differences 

between t he profiles that coul d explai n the r esistance of the stationary 

phase cells. In order to allow for the possibility that the resistance is 

becaus e of an alteration in the cell wall that prevents the antibiotic from 
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reach ing its binding sites in the cytoplasmic membrane, whole cells of B. 

megaterium in different phases of growth were treated with [ 14c]benzylpenic

illi n followed by preparation of the membranes. Additionally, membranes 

were prepared from untreated cells and these membranes were then incubated 

with [ 14 c]benzylpenicillin . The membrane samples were fractionated by 

dodecylsulphate/polyacrylamide gel electrophoresis and the PBPs detected 

by fluorography. Fig. 12.1 shows that as the cells enter the stationary 

phase of growth, there is a reduction in the amounts of the PBPs present in 

the membranes and this effect was especially noticed for PBPs 1, 2 and 4 . 

This reduction is not because of an alteration in the accessibility of 

these PBPs resulting from changes in the chemistry of the cell wall, as 

the same profile of PBPs was obtained whether whole cells or isolated 

membranes were incubated with [ 
14c':] benzylpenicillin. Hence the alterations 

observed must be because of changes in the abundance of the PBPs in the 

membranes. The concentration of [
1
4C]benzylpenicillin used to label the 

PBPs in whole cells (o.5µg/ml) is insufficient~to result in binding of 

[ 14 cJbenzylpenicillin to PBP5 (Fig . 4.1) and no information can be obtained 

as to the accessibility of this PBP in different phases of growth. 

Although cells might become resistant to penicillin by total loss of 

the target of action when in the stationary phase, the changes in the levels 

of PBPs observed are probably not the cause of resistance as none of the 

PBPs was completely missing from cells kept in the stationary phase for 
., 

several hours. It is more probable that when cells reach the stationary 

phase, th~re is no longer the need for the activity of autolytic enzymes 

to enable cell division to occur or to make "sites" in the cell wall for the 

insertion of new peptidoglycan. Autolytic activity has been shown to be 

important in the lytic effects of penicillin (see Section 1.7) and hence the 

11 



Fig. 12.1 Variation in the amounts of the PBf>s of B. megaterium with the 

phase of growth. 

Cultures of B. megaterium (total dry weight of cells= 4mg, grown in . the 

medium described in Section 2.2.1) in various phases of growth were treated 

with c14c]benzylpenicillin (o.5µg/ml, 5 min 
0 

at 37 C), followed by the addition 

of [
12

c]benzylpenicillin (10mg/ml). The cells were harvested by centrifugation 

0 
at 4 C (27000 x~, 1 min), washed in ice-cold 25 mM Tris-HCl, 5mM MgC1

2
, pH 

7.2, resusPfflded in 0.3 ml of the same buffer containing lysozyme (250µg/ml) 

0 

and DNase (5µg/ml) and incubated at 37 C for 5 min. Membranes were collected 

by centrifugation at 40000 x .9.. for 20 min and resuspended in 50µ1 of 25mM 

Tris-HCl, 5mM MgCl , pH 7.2. 
2 

Another set of membrane samples was prepared as described above but with-

out the initial treatment with benzylpenicillin. These samples were then 

incubated with [ 14 c]benzylpenicillin (10µg/ml, 5 min, 37°C) followed by 

addition of [
12

C]benzylpenicillin (10mg/ml). 

All samples were prepared for electrophoresis as described in Section 

2.6. The membrane proteins were fractionated by dodecylsulphate/polyacrylamide 

gel electrophoresis (Section 2.6) and the PBf>s detected by fluorography; the 

fluorogram is shown. The samples on the left (A) are of membranes prepared 

from whole cells that had been treated with benzylpenicillin and those on the 

right (B) are membranes that were treated with [ 14 c]benzylpenicillin after 

preparation from the cells. The different phases of growth were (a) exponential; 

(b) post-exponential; (c) stationary phase (3 hours after cessation of growth). 

The strain of B. megaterium KM used in this work does not form spores. 
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absence of this activity in stationary phase cells would explain the 

observa ti on that these cells are not lysed by penicillin. Whether auto

lytic enzymes are absent in stationary phase cells is not known, and if the 

theory proposed by Tomasz for the killing of cells by penicillin is correct 

(see Section 1.7), then the failure of penicillin to induce lysis of 

stationary phase cells could be because of an inability of penicillin to 

trigger the autolytic activity of these cells by causing release of membrane-

bound lipoteichoic acid. 

Another possibility is that the chemistry of the cell wall is changed 

in the stationary phase so that it is resistant to hydrolysis by the 

autolytic enzymes. Support for this idea comes from the observation that 

stationary phase cells become resistant to lysis in the presence of lysozyme 

• 
but actual proof of the hypothesis would involve a comparison of the structure 

of the cell walls of organisms in , different phases of growth and in vitro 

studies of the activity of the autolytic enzymes against these isolated 

cell walls. 
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1J. GENERAL DISCUSSION. 

In this investigation, it has been possible to identify which of the 

multiple penicillin-binding proteins found in the membranes of Bacillus 

megaterium appears to be the lethal target for benzylpenicillin. In order 

to understand the molecular mechanism of penicillin action, it is necessary 

to study the interaction of penicillin with its target and hence PBP1 of~-

megaterium and~- licheniformis were studied in detail. Previous work on 

the mechanism of penicillin action in Bacilli has involved studies of the 

interaction of ~-lactams with the DD-carboxypeptidase and also the mechanism 

of the enzymic action of this protein. Whilst these studies have made a 

. 
valuable contribution to the understanding of the nature of a penicillin-

sensitive enzyme, this work should now'be repeated with those proteins that 

are more likely to be involved in the, lethal effects of penicillin. 

It should be possible to study the interaction of ~-lactams with PBP1 

of Bacilli as th1s protein can now be readily purified. Thes e studies should 

elucidate whether the kinetic parameters of the binding reaction with 

different ~-lactams correlate with the minimum growth inhibitory concentrations 

of these antibiotics. This approach may lead to an understanding of what 

substituents should be added to the basic penicillin or cephalosporin 

nucleus to increase th~ affinity of the molecule for its target. Iso lation 

of a penicilloyl-peptide from the protein should give information on the 

nature of the binding site and the residue to which penicillin is bound. 

This information could then be compared with that already acquired for the 

DD-carboxypeptidases. The enzymic events that are responsible for the release 

of bound penicillih could also be investigated more thoroughly and a study of 

the general chemistry of the protein (amino-acid analysis and some sequencing) 
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would be another step towards the total characterization of this protein. 

The results obtained so far, indicate that the characteristics of the 

binding of benzylpenicillin to PBP1 are, in general, similar to those 

observed previously for the binding of the molecule to the DD-carboxypeptidases. 

A model that fits the data obtained is: 

k k4 
PBP1 + BP~~~PBP1-BP~~-~PBP1 + degradation products 

The initial reaction between PBP1 and benzylpenicillin (BP) has not been 

studied in detail, but the kinetics of this reaction may prove to be 

similar to those found for the DD-carboxypeptidases: 

where there is the initial formation of a reversible, non-covalent complex 

that then undergoes a transition to form a covalen~ link between the enzyme 

and penicillin. However, it appears that the affinity of PBP1 of Bacilli 

for benzylpenicillin is much greater than that of the DD-carboxypeptidases 

with the result that stoicheiometric amounts of benzylpenicillin are 

needed to saturate the binding t o PBP1. The rapidity of the reaction 

between benzylpenicill~n and PBP1 may make its study difficult and special 

techniques used for the study of fast reactions may have to be employed. 

Even the unusual breakdown reactions obs e rved with the ~-lactam-DD-carboxy

p eptidase complexes take place (and even mor e quickly) with the complexes 

formed with PBP1 of~- megaterium and B. licheniformis, suggesting that 

there mus t be s ome overall similar i t y betwe e n thes e proteins . 

e 
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Although further characterization of the interaction of PBP1 of Bacilli 

with ~-lactams should be straightforward, it is not obvious how to invest

igate the in viva functions of the PBPs in the cell and to determine why 

the binding of ~-lactams to one or more of these PBPs results in the death 

of the cell. Although the DD-carboxypeptidases have enzymic activity in 

vitro, it has not been possible to determine the function of this activity 

in peptidoglycan biosynthesis. The other isolated penicillin-binding 

proteins of Bacilli show no enzymic activity in any of the model systems 

tried and further attempts must be made to devise other systems in which these 

proteins show enzymic activity. 

Although I have obtained evidence that PBP1 of Bacilli is a peptidoglycan 

transpeptidase in an in vitro assay system, it is not known what role this • 
enzyme plays in the formation of the cell wall. It may be responsible for 

incorporation of peptidoglycan in cell wa ll e longation or septum formation. 

The functions of all the other PBPs have also yet to be elucidated and it may .. 
be necessary to attempt to determine these functions by using a genetic 

rather than a biochemical approach. A study of mutants lacking particular 

PBPs would be expected to elucidate whether any of these proteins is involved 

in the maintenance of the morphology of the organism or plays a role in 

cell division. It would also be interesting to discover the biochemical 

mechanisms by which these proteins (if any) achieved these functions. 

As more information about the PBPs from a range bf different bacteria 

is obtained, it should be possible to determine what common features are 

possessed by these proteins. Although there are some similarities between 

the PBPs of Bacillus megaterium and those of!'._• coli and~- typhimurium, 

there are also important differences with regard to the enzymic activities 

of the isolated proteins and the characteristics of their interactions with 



~-lactams. No detailed studies have yet been made on the PBPs in cocci and 

such a study would be of interest as the profiles of PBPs in these organisms 

are markedly different from those in bacilli. It should be possible to use 

the techniques described here for the purification of the PBPs of Bacilli 

and the study of their interactions with penicillins, in order to isolate and 

characterize the PBPs of other organisms. It may also be possible to 

identify which of the PBPs are important in the lethal action of penicillin 

and to determine whether any of them are peptidoglycan transpeptidases. 

More success may be achieved in showing in vitro biochemical activities of 

these proteins than has hitherto been possible. 
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