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Half a century after the discovery of penicillin, the 
elucidation of the mechanism of action of b-lactam 
antibiotics has reached the stage where the reaction 
between antibiotics and purified, sensitive enzymes 
can be studied as a simple, bimolecular reaction. The 
main object of this paper is to discuss the recent 
results obtained in this respect. 

These investigations were initiated and carried out 
in the frame of a program whose final goal is the 
complete characterization of the bacterial enzyme 
target to which penicillin binding causes cessation of 
cell growth. More complete reviews on this topic can 
be found in [l] and [Z]. It should be emphasized 
that important questions remain unanswered at the 
physiological level and that the exact relationship 
between several sensitive enzymes and the killing 
target(s) of /I-lactams in bacteria has not yet been 
clearly established. 

Antibiotics of the fi-lactam family (penicillins and 
cephalosporins) interfere with the final steps of the 
biosynthesis of the peptidoglycan, a major component 
of the bacterial cell wall. This net-like polymer com- 
pletely surrounds the cell and constitutes the only 
protection of the Gram-positive bacteria against their 
internal osmotic pressure, allowing them to survive 
in a hypotonic environment. In Gram-negative bac- 
teria, the strength and shape of the cell wall probably 
depend upon a more subtle interrelationship between 
the peptidoglycan and the components of the outer, 
membrane-like layer which is absent in Gram-positive 
species. The chemical structure of peptidoglycan has 
been discussed in detail [3] as has the three-dimen- 
sional arrangement of the polymer [4,5]. 

Linear glycan chains, consisting of alternating resi- 
dues of N-acetylglucosamine (GlcNAc) and N-acetyl- 
muramic acid (MurNAc), are crosslinked by short 
peptides (see legend of Fig. 1 for more information). 
These peptides, and the formation of the interpeptide 
linkages are directly relevant to the antibacterial 
action of penicillins. The biosynthesis of the polymer 
(for recent reviews, see Refs. [6-S] can be divided 
into three main stages: (1) The first stage involves 
the intracellular synthesis of activated precursors 
UDP-GlcNAc and UDP-MurNAc-pentapeptide* ; (2) 
In a second stage, these precursors are transferred 
to a membrane-bound C,,-isoprenoid alcohol 
phosphate. A hpid soluble inte~ediate [isoprenoyl- 
pyrophosphate-MurNAc(pentapeptide)-GlcNAc] is 
formed and, if present in the final structure, the cross- 

* The sequence of the pentapeptide is generally: -L- 
Ala --+ DCi.i (0 --N D-Ala * D-Ala. 

bridging amino acids are added to this intermediate 
at the w-amino end of the third residue of the peptide; 
(3) The third and final stage consists in the polymeri- 
zation of the net-like polymer outside the cytoplasmic 
membrane by enzymes that are themselves attached 
to the plasma membrane. The energy of the phospho- 
diester bond between pyrophosphate and muramic 
acid is utilized for glycan chain elongation whereas 
peptide crosslinks are closed by a transpeptidation 
reaction. During this latter reaction, the carboxyl 
group of the penultimate D-Ala residue of one penta- 

Fig. 1. Generacstructure oi peptidoglycan of chemotypes 
I, II and III. G: N-acetylglucosamine, M : N-acetylmuranic 
acid. The circles represent amino acid residues: Q is 
L-alanine, Q D-glutamic acid, which is bound to residue 
do via its y-carboxyl group. The a-carboxyl is either free 
or amidated (X). The third residue is either a diamino acid, 
such as lysine or a diamino diacid such as di~inopimeii~ 
acid (A,pm). The fourth residue is D-alanine. Z represents 
the amino acid residue(s) which may be present in the 
crossbridge between two tetrapeptides. In chemotype I, Z 
is absent and a direct linkage is formed between the car- 
boxy1 group of the D-Ala of one peptide and the w-amino 
group of the third residue of another peptide (Gram-nega- 
tive bacteria, Bacilli, junta homari and ~cr~~orn~~~u 
have a peptidoglycan of chemotype I). In chemotype II, 
2 is one amino acid residue (e.g. glycine in Streptomyces 
spp. and t.-asparagine in Streptococcus faecalis ATCC 
9790) or a short peptide (pentaglycine in Staphylococcus 
avreus). In chemotype III, Z is one or several tetrapeptides 
having a structure identical to that of the basic tetrapep- 
tide. Chemotype IV peptidoglycans are not represented on 
the figure. In these cases, the Z-bridge is a diamino acid 
or a diamino acid-containing peptide which extends 
between the a-carboxyl group of giutamic acid and the 
carboxyl group of D-akkte. The figure also shows some 
peptide units which have retained either a free amino or 

a free carboxyl group. 
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peptide unit is transferred onto the free amino group 
of another peptide unit (either on the crossbridge in 
chemotypes II. III. IV or on the third residue itself 
in chemotype I). Formation of the peptide bond is 
accompanied by the release of the ultimate D-Ala resi- 
due and can be represented by the simplified reaction: 
R-D-Ala-D-Ala + R’-NH, -+ R-D-Ala-NH-R’ + D-Ala 
where’ R-D-Ala-D-AIa is the donor peptide and 
R’-NH2 the acceptor peptide. In the presence of peni- 
cillin. the transpeptidation reaction is inhibited, which 
causes a profound disorganization of the cell envelope 
of the growing cells. The delicate balance between 
synthesis of cross-linked peptidoglycan and its degra- 
dation by autolysins is disrupted and bacteria grow- 
ing in a hypotonic environment undergo lysis (pepti- 
doglycan hydrolysing enzymes. which constitute the 
cellular autolytic system are normally present in all 
bacteria where they probably play important func- 
tions by creating new growth sites in the polymer). 

In Gram-negative bacteria. the phenomenon is 
more complex: lysis is only obtained at high concen- 
trations of penicillin: low concentrations of antibiotic 
induce morphological abnormalities (round cells, non 
dividing chains, formation of bulges, etc.). 

In rifro assays for penicillin-sensitive transpeptida- 
tion reactions were first devised by Araki et al. [93 
and Izaki et al. [lo]. independently. They showed that 
membrane fragments of E. co/i. when incubated with 
the precursors UDP-GlcNAc and UDP-MurNAc- 
pentapeptide, catalysed a series of reactions which 
culminated in the synthesis of crosslinked peptidogly- 
can. In the presence of penicillin, the reactions did 
not proceed further than the stage of linear, uncross- 
linked peptidoglycan. These membrane preparations 
also contained a penicillin-sensitive D-Ala-D-Ala car- 
boxypeptidase (Do-cbasej, which caused the release 
of the C-terminal D-Ala from the UDP-Mur~Ac-pen- 
tapeptide. The D-alanine released by this carboxypep- 
tidase could be distinguished from the D-alanine 
released by the transpeptidase by omitting UDP-Gtc- 
NAc from the incubation mixture. A DD-carboxypep- 
tidase penicillin-sensitive activity has been shown to 
occur in many bacterial species [l l-231. Its exact role 
has not yet been clearly elucidated but this enzyme 
is thought to be concerned with the control of the 
extent of peptidoglycan crosslinking. In some bacilli. 
the specific inhibition of the DD-carboxypeptidase ac- 
tivity does not cause detectable damages to the cell 
but in other bacteria, such as G&&a ho~~uri, the role 
of the DD-carboxypeptid~e is essential. In this latter 
bacterium. a peptide unit is utilized as an acceptor 
only after release of the C-terminal D-Ala residue by 
DD-carboxypeptidase action; in consequence, poly- 
merization cannot proceed further than the formation 
of peptide dimers and a maximum degree of 50 per 
cent of crosslinking should then be expected. The ex- 
perimental data confirm these predictions. Moreover, 
the DD-carboxypeptidase. and not the transpeptidase, 
appears to be the lethal target of penicillin [24]. Simi- 
larly, in a thermosensitive mutant of E. coii, the 
amount of nascent peptidoglycan which is incorpor- 
ated in the wall by transpeptidation to the preexisting 
peptjdogly~n is controlled by DD-car~xy~ptidase 
action. Furthermore, an exact balance between trans- 
peptidase activity and DDcarboxypeptidase activity 
may be an important feature of the mechanism con- 

cerned with cell septation [2.5 and D. Mirelman, per- 
sonal communication). 

However interesting they are for the unravelling of 
the reactions leading to peptidoglycan biosynthesis, 
the membrane + wall systems are of little value in 
studying the interaction between penicillin and the 
sensitive enzymes at the molecular level. Indeed, these 
systems are. per se, extremely complex and transpepti- 
dation can only be observed as the last step of a 
series of reactions with the result that it cannot be 
studied directly and independently. 

In order to overcome these difficulties, two 
approaches were used, which were (1) the isolation 
and purification of the penicillin binding components 
(PBCs) present in the plasma membranes of the bac- 
teria and their characterization by gel electrophoresis 
and (2) the use of simple peptide donor and acceptor 
systems as direct substrates for isolated transpepti- 
dases. In this respect, Streptomyces R61 and Actino- 
madura R39 were interesting organisms because of 
their ability to excrete during growth sotuble trans- 
pept~dases-D~~rboxypepti~ses which could be puti- 
fied to protein homogeneity by conventional tech- 
niques [26,273. 

A. The penicillin binding components (PBCs) 

The main result of these studies has been to demon- 
strate that bacterial cytoplasmic membranes possess 
several proteins which form relatively stable com- 
plexes with penicillins. In some cases, enzymic activi- 
ties or physiological roles could be attributed to some 
of these PBCs (see Table 1 for a summary of the 
properties of the PBCs). Transpeptidase activity has 
been demonstrated for at least 3 of the PBCs of Sul- 
monel~u t~~~hjrnarjarn r331: these proteins utilize the 
pentapeptide r-Alai D--w (~j-rnes~-A*pm-(Lj --t 
D-Ala+ D-Ala to form crosslinked dimers. The im- 
portance of these results should be emphasized. since. 
in all other cases. DD-carboxypeptidase was the only 
enzymic activity which could be attributed to one or 
several PBCs. The interactions between penicillin and 
these DD-carboxypeptidases have been studied with 
some detail. The results are discussed below. 

B. Interaction of penicillins with trunspeptidases and 
DD-carbosypeptidases 

1. Soluble DD-carbo.~~peptidases-transpeptidases 
from A~t~?iom~cetes. The DD-carboxypeptid~~-trans- 
peptidases excreted by both ~tre~torn~ces R61 and 
Actino~d~ra R39 have been purified to protein hom- 
ogeneity [26,27]. They catalyse transfer reactions 
between donor and acceptor peptides identical or 
very similar to the peptidoglycan peptide units in the 
corresponding strains [37,38]. Simultaneously with 
the transpeptidation reaction, these enzymes also 
catalyse the hydrolysis of the donor peptide. The 
transpeptidase/carboxypeptidase ratio can be in- 
creased by raising either the pH or the acceptor con- 
centration or by decreasing the water content of the 
incubation mixture. With the R61 enzyme, up to 80 
per cent of the water can be replaced by a mixture 
of ethyleneglycol and glycerol, which decreases the 
rate of hydrolysis to a greater extent than the rate 
of trans~pti~tion, resulting in a 7-fold increase of 
the transpeptidase/carboxypeptidase ratio value [39]. 
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Table 1. Properties of the penicillin binding components 

2205 

Number mol. wt* 

I 122.coa 

Enzymlc 
actwties 

Physmloglcal 
lunctlon Ref 

Bocdlus .suhr,l,s 

Badus srearorhermophilus 

Sraphyloccocus aurm~ 

Srrrptococcus farcolis ATCC 9790 

Salmonella n~phtmurium 

Escherlchia coli 

5 
2 96,500 
3 88.lxKl No 5 = owChase 

4 78,ooo 

5 SO.ooO 

I 123,oW 
2 94.w 
3 83.oxl 

4 70,wo 

5 45,coO 

1~122.ooo 

22 96,oW 
3 5o.ooo 

I 105.Oco 

No 5 = oo-Cbare 

4 
2 78.000 
3 76,003 No. 4 = oc-Chase 

4 45,ooo 

2 ’ + loo.ml 
2- 

6 No. 6 = oo-Chase 

5 3 
4 

2 
6 3 

4 
5 
6 

I2O.@xJ 
78,ooo 

69.ooO 
52.ooo 
38.ooo 

Nos I. 4. 5 = or+Chases No. 4: possible killmg 
and Tpases target of penicdlm 

91,Ow 
66.coO 

6O.ooo 
49,ooo 

42,ooO 

40,ooo 

Nos. 5 and 6 = oo-Chases 
No. I : cell elongatm” 

No. 2: shape 

No. 3: all divismn 

Nos I. 2. 4: posstble 
kdlmg targets of 

pe"Cllll" 

No I possible kdhng 
target of penlcllll” 

Nos I. 2. 3: possible 
kilhng targets of 

penicillin 

[28.29.30.3I] 

1321 

ca1t 

I281 

bit 

1331 

C23.34.35.361 

* PBCs are numbered in order of decreasing mol. wt. 
t [a] : H. A. Chase and P. E. Reynolds, personal communication; [b] : R. Fontana and J. Coyette, personal communica- 

tion. 
DD-Cbase = DD-carboxypeptidase; Tpase = transpeptidase. 

(a) Kinetic analysis. The interaction between enzyme 
and fi-lactam inhibitors has been studied by various 
kinetic methods; the following simple model best 
explains all the observed data: 

E+I $ EI -% EI* k E + X + Y 

Model A 

The free enzyme E reversibly binds the antibiotic I 
to form a first stoichiometric complex EI. This 

complex then undergoes an irreversible transforma- 
tion into a second stoichiometric complex EI* which 
finally breaks down, regenerating the active enzyme 
and releasing a fragmented antibiotic molecule. The 
dissociation constant K and the first-order rate con- 
stants ks and k*, which characterize such a system 
have been measured [40,41] for the interaction 
between both R61 and R39 enzymes and several peni- 
cillins and cephalosporins (see Table 2). At low con- 
centrations of antibiotic (i.e. for I < K), the rate of 

Table 2. Values of the constants according to model A and effect of the antibiotic on the germination of conidia 

K 
mM 

Srreptomyces R61 
Exoccllular enzyme [40] 

k, k,/K 
s ’ M-‘sec-’ 

k4 
xc-’ 

Actmomoduro R39 

t/LD,o Exocellular enzyme 1411 
x IO-’ 

(M-‘) K k, k,/K k* 
130’) mM sec.’ M-‘xc-’ set“ 

t/LD,o 
* lo-’ 

IM_lI 
(30”) 

Penicdlin G 

Carbenicdh” 
Ampicilhn 
Penicdhn V 
Methicdlin 
Cephalo- 

sport” c 
Cephalo- 

glyCl"e 

Cephalexine 
Cephalo- 

sporin 871312 

13 (25”) 179 (25’) 13,700 (25’) I.4 x 10-a l8.000 - 

011 0.09 830 I.4 x 10-4 3.col ~ 
7.2 0.77 107 1.4 x lo-’ 18,ooo - 

>I >I I SCQ 2.8 x IO-’ 20,Ixm - 
_ _ _ _ _ _ 

0.19 

>I >I I.150 I x 10-s 90 120”) 

0.4 9 x 10-3 22 3 x 10.6 350 ~ 
_ _ - _ _ _ 

>0.2(10”) >O.l(lO”) 460 (lo”) 3 x 10-4 _ _ 

~ 3cQ.ooo 
5,750 

_ 74,cux (20’) 
_ - 

I.150 (WI 
12.5 
(20”) 67.000 (20-) 

_ 74.ooo (20”) 
_ 3.coO (20’) 

_ 2.6 x 106(lo’) 

3 x lo-” I40,lMl 
5 x 10-e 12.ooo 
4 x 10-6 4l,o!M 

3 x 10-s 14.ooo 

0.3 x lo-* l,lcnl 

0.8 x 10-6 84.ooo 
2.4 x 10~~ 700.000 

1.5 7. 10-6 _ 

The LD,, values represent the concentrations of antibiotic allowing 50 per cent of cell survival[SOJ. On the table, 
the reciprocal of this value is given and the units have been chosen to allow direct comparison with the LJK Value. 

All the results were obtained at 37”, unless otherwise indicated. 
For technical reasons, the individual values of K and ks could only be obtained for cephalosporin C in the case 

of the R39 enzyme [see 411. 
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formation of EI* is dependent on the ratio k,/K. The 
steady-state concentration of free enzyme is a function 
of the concentration of inhibitor ([I]) and of the 
values of kd and k,/K. A good inhibitor should have 
a high k$K value and a low k, value. For the soluble 
enzymes. however, a reiationship could not be 
obtained between these values and the sensitivity of 
the organisms to various penicillins (see Table 2). 
Obviously. the exocellular enzymes are not the killing 
targets of the fi-lactams. However as, until recently, 
these enzymes were the only transpeptidas~s which 
had been purified to protein homogeneity, they con- 
stituted models of choice for the study of the interac- 
tion between penicillins and sensitive enzymes. 

The proposed model explains the fact that inhibi- 
tion may appear to be irreversible in some cases and 
reversible in others: if k, is low, an inhibited complex 
is easily isolated: if k, is high, regeneration of the 
active enzyme is observed after elimination of the 
excess of penicillin. The isolation of a stable complex 
at low temperature, and complete recovery of activity 
upon incubation of this isolated complex at 37” may 
be observed with the same enzyme 142.431. More- 
over. this model allows a good interpretation of 
earlier, puzzling observations that cells which have 
been saturated with penicillin can start to grow and 
to synthesize peptidoglycan after reincubation in a 
fresh penicillin-free medium 144,451. 

When donor substrate is added to the enzyme 
together with the antibiotic, the ternary interaction 
may follow either a competitive or a non-competitive 
pathway. The non-com~titive model shown below 
is the most general. 

E g EI -+EI*-+E+X+Y 
+sJF Il+s 

ES &! ES1 
I 

b+P 
In the competitive model, the ternary complex ES1 
cannot be formed as binding of inhibitor and sub- 
strate are mutually exclusive. In several cases, appar- 
ently competitive kinetics have been obtained for the 
interaction between the three reagents [l I-t3. 19,20]. 
According to Blumberg and Strominger [S], these 
results suggest that substrate and inhibitor compete 
for the same site on the enzyme. However. a careful 
analysis [46] shows that. in systems involving the for- 
mation of a rather stable intermediate. such as El*, 
the concentrations of EI and ES1 might be equally 
negligibie with the result that perfectly competitive 
Lineweaver-Burk plots are obtained even if the inter- 
action is non-competitive. This conclusion strictly 

COOH 

FRWI 

applies to the exocellular R61 enzyme. but most likely 
it is also true for the Do-carboxypeptidases from B. 
scthtilis and 3. stearothrrmophilus, for which both 
‘competitive inhibition’ and formation of rather stable 
complexes with @-lactams have been observed 
[I?, 131. 

(b) Fragmentation of’ the anrihiotics. The fragments 
produced by the action of the R61 enzyme on benzyl- 
penicillin (penicillin G) are phenylacetylglycine and 
~-formyl-D-pen~ciliamine [47,48]. The dashed line 
indicates that, with respect to its biosynthesis. penicil- 
lin can be regarded as the condensation product of 
L-cysteine and D-valine. Hence. fragmentation by the 
R61 enzyme follows a very different pathway. Recov- 
ery of enzyme activity and release of phenylacetyl- 
glycine are simultaneous events: consequently. if an 
intermediate such as phenylacetylglycyl~nzyme. is 
formed. its half-life is very short compared to the half- 
life of the original enzyme---penicillin complex. 
Phenoxymethylpenicillin (penicillin V) is degraded in 
a similar manner into phenoxyacetylglycine and 
N-formyl-D-penicillamine. The R39 enzyme also pro- 
duces phenylacetylglycine from benzylpenicillin, but 
much more slowly (compare the values of k4 on Table 
2). For this reason, the fate of the thiazohdine ring 
during the interaction of benzylpenicillin with this lat- 
ter enzyme has not yet been elucidated. 

(c) PresetIce yfseritze at the penicillin birlding site. Pro- 
nase or thermolysin digestion of the denatured R61 
enzyme-[14C]ben~lpenicillin complex reteased a 
[ i4C]labelled VaIGly-Ser tripeptide. Further action 
of pronase or treatment with leucine aminopeptidase 
yielded valine and a radioactive Gly-Ser dipeptide. 
Hence, the only group to which penicillin could have 
been bound was the hydroxyl group of the serine resi- 
due 11491. 

2. The ~e~brat~e-boulzd ~ra~speptidases. Isolated 
membranes of various S~~epfotn~ces species [SO] cata- 
lyse transpeptidation reactions with donor and accep- 
tor peptides which are very similar to the natural pep- 
tides occurring in the SrreptomJves wall peptidogly- 
can. In Streptomyces R61, a parallelism exists between 
the effects of several penicillins and cephalosporins 
on the membrane-bound transpeptidase and on the 
germination of conidia suggesting that this enzyme 
is the killing site of /I-lactam antibiotics. Model A 
applies to the interaction between the enzyme and 
various penicillins, although, for technical reasons, it 
has not been possible to demonstrate that formation 
of complex EI* is also a two-step process. The impor- 
tant point. however. is that, with all /I-lactams tested, 
EI* complexes spontaneously break down to release 
active enzyme. The half-lives of these complexes at 

C,H,-CH,CONH-CH, 
I - 

2H,O 0 
//6x 

OH 
+ 

Enz 

0 
“CH Hsyc y 

1 / ‘CH3 
HN -CH 
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37” vary from 3 min to several hours depending upon 
the antibiotic. The structure of the degradation 
product(s) of penicillin is still under current investiga- 
tion. The enzyme can be solubilized with a cationic 
detergent ~-a~ty~-~,~,~-trimethyI~monium bro- 
mide and partially purified by chromatography on 
Sephadex G-100. Model A remains valid for the par- 
tially purified enzyme; in this case, phenylacetylgly- 
tine is released upon breakdown of the EI* complex 
previously formed with benzylpenicillin. In other 
Strepto~yces species (K15, ri~sus~, a spontaneous 
degradation of the EI* complexes was found in all 
cases, either with membrane-bound or solubilized 
transpeptidases (Dusart, J. and Leyh-Bouille, M., per- 
sonal communication). Recently, two of the mem- 
brane-bound DD-carboxypeptidases-transpeptidases 
(PBCs 4 and 5) from Salmonella ry~bimu~~urn have 
been isolated and purified. The complexes formed 
between these enzymes and benzylp~nicillin decay 
with half-lives of 90min (PBC 4) and 5 min (PBC 
5) at 37” [33]. 

C. The carboxypeptidases 

Streptomyces albus C secretes a soluble DD-carboxy- 
peptidase, which is only inhibits by extremely high 
(I@-20 mM) concentrations of benzyl~ni~llin [S I]. 
This enzyme appears to be more resistant to penicil- 
lin, by at least two order of magnitude, than all the 
other DD-carboxypeptidases or transpeptidases which 
have been described so far. The understanding of the 
reasons for this relative absence of sensitivity should 
suppiy new insights into the phenomenon of resist- 
ance. 

With the exception of this latter enzyme, all the 
or>-carboxypeptidases described below originate from 
cytoplasmic membranes. Some of them were solubi- 
lized with detergents and partially purified in the 
presence of the solubilizing agent. In some instances 
[I 2,23,30], homogeneity was claimed on the basis of 
the presence of one single protein band after gel elec- 
trophoresis in the presence of sodium dodecylsulfate. 
However, such a test is insufficient; indeed. penicillin 
titration of the Dp-carboxypeptidases thus ‘purified 

from B. subtifis and B. stearothermophilus indicated 
that only 0.28 and 0.04 moles of penicillin were bound 
per mole of enzyme, respectively [43]. 

Some of the enzymes listed as carboxy~ptid~~ 
in this paragraph also catalyse simple trans~ptida- 
tion reactions, using amino acids (glycine, D-alanine), 
a simple dipeptide (glycyl-glycine) or hydroxylamine 
as acceptors (carboxypeptidases from B. stearothermo- 
philus, 8. megaterium, S.fuecalis and E. coli). The data 
which are presently available do not justify the classi- 
fication of these enzymes as trans~ptid~es, since 
none of them is able to utilize more complex accep- 
tors, which would be similar to the natural cell wall 
acceptors, nor to catalyse the formation of dimers 
from donor-acceptor substrates [ 12,17,23,54]. How- 
ever, with these enzymes as well as with other DD-car- 
boxypeptidases. suitable experimental conditions 
might still be found in which they would catalyse 
transpeptidations similar to the physiological reac- 
tions. 

Table 3 summarizes the properties of some DD-car- 
boxypeptidases. In general, the interactions between 
these enzymes and /3-lactams appear to proceed 
according to model A, although results never allow 
a clear distinction between a direct or a two-step for- 

mation of complexes ET*. Nevertheless, in all case, 
complexes Ei* break down, releasing the active 
enzyme and an inactive, degraded antibiotic. Carbox- 
ypeptidase IB from E. coli might be the only excep- 
tion [23]: although this enzyme is strongly inhibited 
by penicillin, a stable complex could not be isolated. 
This result implies that the complex is extremely un- 
stable or, alternatively, that the inhibition is a truly 
reversible phenomenon (E + I = EI). 

In some cases, the structure of the released com- 
pound(s) is far from being firmly established: (1) With 
carboxypeptidase IA from E. coli 123). the possible 
contamination of the preparation by a small amount 
of /J-lactamase cannot be excluded since the EI* 
complex was not isolated prior to the release of the 
inactivated antibiotic; (2) N-formyl-~peniciilamine 
was found by Chase and Reynolds (personal com- 
munication) while the intact thiazoline (D-5,5-dimeth- 

Table 3. Properties of some Do-carboxypeptidases 

Bacterial 
species Physical state 

Half-life of complex 
Conned with benzylpen,c,llin 

M.B 
solubdized 

(Trlton x-1001 

MB. 

solubked 
(Trircn X-loo) 

MB. 

M.B. or 

solubihzed 
IGenapolk 

solubilized 
soiubilized 

solubdized 
(Genapol) 

lomln (55”) 
tOmin (55”) 

ISOmin 12s ) 

260 min 07 I 

5 min 137”) 
no stable complex isolated 

5.5 min (30”) 
3.5 mtn 137”) 

Probably phenyl- 
acetylglycme 

Phenylacetylglycme+ 
.V-fotmyt-~pen~cillamrne 

** pb~ny~~tylgiyci~~ 
+ 5.5 Dimethyl-A2 
thiazoiine-4.carboxylate 

Phenylacetylglycme + 1541 
Y-Tormyl-n-penlclllamlnc Ibl’ 

Penicillox a&’ 
Penicillox acid” 

Penwilloic aad 
and other. m,ncir 
compounds 

c431 

g; 

:::; 

[I71 

c231 

WI 
C561 

* [a] H. A. Chase and P. E. Reynolds, personal commllnication~ [bl J. Coyette, personal communication. 
M.B. = membrane-bound, 
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yl-A’-thiazoline-4-carboxylate) was reported by Ham- 
marstriim and Strominger [53] as the reaction 
products arising from the thiazolidine moiety of ben- 
zyfpenicillin after interaction with the Bffc~~~~~ steur- 
~t~er~op~i~~~ membranes. However, the identification 
of the intact thiazoline appears rather dubious. since 
this compound spontaneously decays (half-life: 
13Osec: J. M. F&e. unpublished results) under the 
conditions in which it was supposedly isolated 
(50 min at 55 ‘). 

Finally, steady state studies of the hydroiysis of the 
substrate in the presence of penicillin by the DD-car- 
boxypeptidase from the Proteus unstable L-form indi- 
cated a non-competitive inhibition [5.5,56]. These 
results demonstrate a non-competitive model might 
be necessary for a general description of the interac- 
tion between penicillin and sensitive enzymes. 

GENERAL COMMENTS 

The most striking and novel feature of the interac- 
tion between p-lactams and sensitive enzymes has 
been the instability of the inhibited EI* complexes. 
Degradation of these compfexes and enzyme reacti- 
vation appear to be general phenomena. Depending 
upon the enzyme, the antibiotic and physical factors. 
such as pH and temperature, the half-lives of the inhi- 
bited EI* complexes vary from 3 min to more than 
10 days (which corresponds to first-order rate con- 
stants ranging from 10m3 to less than 10mh sect’). 
In general, EI* complexes are more stable with cepha- 
losporins than with penicillins. The discovery of this 
degradation step suggests a new mode of bacterial 
resistance to B-lactams which is the degradation of 
the antibiotic by the target enzyme itself. Indeed, 
assuming all other factors to be identical, the faster 
the decay of the EI* complex, the higher the concen- 
tration of antibiotic which is needed to cause the 
same enzyme inhibitjon. In these studies, the purified 
DD-carboxypeptidases-transpeptidases from actino- 
mycetes were extremely useful tools. 

(1) A model has been proposed for the interaction 
between penicillins and sensitive enzymes (model A). 
From an integration of the data obtained with 
numerous enzymes, the model appears to be general. 
In particular, it explains how reversibility or irreversi- 
bility of the inactivation can be observed. sometimes 
with the same enzyme. depending upon the experi- 
mental method used. Moreover, a careful analysis of 
this type of situation provides an explanation for the 
apparent paradox in which some enzymes, while exhi- 
biting apparentfy reversibte, competitive kinetics of 
inhibition by penicillin, nevertheless form stable com- 
plexes with the inhibitor. Once the enzyme. the sub- 
strate and the inhibitor have been mixed together, 
a non steady-state situation prevails during the major 
part of the incubation time. A theoretical estimation 
of the amount of product formed at any given time 
indicates that, in such cases, Lineweaver-Burk plots 
would yield curves which, within the limits of experi- 
mental errors. may be easily mistaken for straight 
lines and would converge on the ordinate, as in a 
classical competitive system (1461 and J. M. F&e, 
unpublished results). 

(2) The structure of the degradation products of 
peniciilin has been estabiished. Although it is by no 

means certain that the degradation of all penicillin- 
enzyme complexes yields N-acyl-glycine and N-for- 
myl-D-penicilfamine (directly or via the intact thiazo- 
line). this fragmentation represents a new and unex- 
pected enzymatic reaction. Although slow. the reac- 
tion is genuinely enzymatic since no fragmentation 
of penicillin is observed after denaturation of the 
complexes [43,49.57]. In fact, this type of degrada- 
tion might well occur in some resistant bacterial 
strains but would have escaped detection for the 
simple reason that de~adation of peniciifin to penicil- 
loic acid by classical peniciflinases is the mechanism 
to which resistance is usually attributed. 

(3) The original hypothesis of Tipper and Strom- 
inger [SS] has been examined under a new light: 
firstly, the suggestion by Rando [59] that penicillins 
might be ‘k,,, inhibitors’ is supported by the fact that 
the main cause of inhibition is more likely to be rapid 
irreversible inactivation step (high (k,) rather than an 
especially good recognition of the antibiotics by the 
binding site (low K): secondly, competitive kinetics 
of inhibition on which the structural analogy hypoth- 
esis was initially proposed. are compatible with the 
general, non-competitive model B. Furthermore, the 
DD-carboxypeptidase from the unstable L-form of P. 
mirabilis is non-competitively inhibited by penicillins. 
an observation which can only be explained by this 
fatter model; thirdly. the proposed formation of a 
thioester bond between an active --SH group on the 
enzyme and the carboxyl group of the /I-lactam ring 
is at variance with the finding that penicillin is bound 
to a serine residue in the exoceflular enzyme from 
Streptom~ces R61. However, this situation may not 
be general. 

Important information concerning the mechanism 
of action of penicillins has also been obtained by the 
detailed studies of the penicillin binding components. 
Firstfy, they indicate that multiple PBCs are present 
in the cytoplasmic membrane of all the bacterial 
strains examined. Secondly, they demonstrate that 
some of these PBCs fulfil physiological functions con- 
cerned with cell septation or cell elongation. Surpris- 
ingly, the major penicillin binding component is often 
a DD-carboxypeptidase, an enzyme to which no 
physiological role could be attributed in several 
organisms. 

It should be understood, however, that penicillin- 
sensitive, physiologically important components may 
escape detection, if they form truly reversible com- 
plexes with penicillins or if denaturation of the 
complex formed does not prevent the release of a 
degraded p-lactam. 

Finally, it should be emphasized that the detailed 
pathway of the enzymatic catalysis of the transpepti- 
dation reactions remains rather mysterious. The ping- 
pong mechanism proposed by Tipper and Strominger 
[%I never received any serious experimental support. 
In fact, our data obtained with the exocellufar trans- 
peptidase-DD-carboxypeptid~e from Strepromyces 
R61 indicate that the acceptor binds first to the 
enzyme in the transpeptidation pathway, a conclusion 
which is not in agreement with the proposed ping- 
pong mechanism [39]. 

The exocelfular enzymes of Streptomyces are not 
the killing targets of penicillins; yet, until recently, 
they were the only enzymes purified to protein hom- 
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ogeneity which were able to catalyse in vitro reactions 
similar, sometimes identical to the ~hysioiogical 
transpeptidations and with which the interaction with 
&lactam antibiotics could be directly studied as 
simple cases of bimol~ular reactions. They still 
remain the models of choice for the study of the mode 
of action of this class of inhibitors at the molecular 
level. It is hoped that other transpeptidases of mem- 
brane origin, such as the newly purified PBCs from 
Sai~~el~ ~~phi~uriu~ will soon extend and confirm 
our present concept of a multistep interaction 
between target enzymes and penicillins, resulting in 
a steady-state system, in which the level of active 
enzyme is a function of the velocities of formation 
and degradation of the EI* complex. 
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