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The success of plactam antibiotics in antibacterial 
chemotherapy rests on both their high efficiency and 
their specificity. They interfere with the last stage of 
peptidoglycan synthesis, a transacylation reaction, 
most often involving a D-ak@-D-&mine terminated 
peptide. This reaction, catalysed by enzymes attached 
to the outer face of the cytoplasmic membrane, is 
unique to the bacterial world and has absolutely no 
equivalent in eucaryotic cells [l]. But bacteria have 
discovered various stratagems to escape the action 
of these compounds, and in consequence new 
molecules have to be progressively introduced in the 
chemotherapeutic arsenal, exhibiting structures that 
are increasingly different from those of the original 
penicillins (Fig. 1). As described at length in the 
15 April, 1994 issue of Science, resistance phenomena 
have recently become increasingly widespread and 
worrisome. Three distinct mechanisms have been 
identified. 

Intrinsic resistance is due to the synthesis of 
enzyme targets, the DD-transpeptidases, with a 
strongly decreased affinity for the antibiotics. These 
enzymes, also identified as PBPsO, are active-site 
serine enzymes, and their reaction with plactam 
antibiotics results in the formation of long-lived 
acylenzymes (Fig. 2:1 that are unable to fulfil their 
physiological roles, leading to the formation of non- 
functional peptidoglycan and, eventually, to cell 
death [2]. The resistant PBPs are very slowly acylated 
by the plactams, the k2/K’ values being as low as 
lOM-‘set-’ versus up to 300,000M-‘sec-1 for 
penicillin-sensitive DD-peptidases [ 1,2]. 

The diffusion of the antibiotic to its membrane- 
bound targets can also be impeded by the outer 
layers of the cell wall itself, the “outer membrane” 
in Gram-negative bacteria [%S], and the mycolic 
acid layers of the Gram-positive mycobacteria. In 
the former, increased resistance has been attributed 
to modifications of the porins, proteins that form 
hydrophilic channels in the outer membrane and 
allow small, water-soluble molecules to penetrate 
into the periplasmic r,pace [3]. 

$ Corresponding author. Tel. 32 41 663398; FAX 32 41 
663364. 

0 Abbreviation: PBPs, penicillin-binding proteins. 

Finally, bacteria can produce enzymes that 
chemically modify the antibiotics: acylases, esterases 
or plactamases (Fig. 1). Of these, only plactamases 
appear to be seriously involved in resistance 
phenomena. By contrast to those formed after the 
action of the two other types of hydrolytic enzymes, 
the products obtained by opening the @actam ring 
(Fig. 2) are completely devoid of significant 
antibacterial activity, and filactamases presently 
represent a major threat to the efficiency of the fi 
lactam family of antibiotics [6,7]. 

Metallo and active-site serine plactamases 

Some Zn*+-containing metallo-plactamases have 
been described. Although only produced by a 
relatively small number of pathogenic strains of the 
Bacteroides, Xhantomonas, Aeromonas, Pseudo- 
monas and Serratia genera [8], they represent a 
potential threat because they efficiently hydrolyse 
carbapenems, compounds that generally escape the 
activity of the more common active-site serine p 
lactamases. It can be predicted that the increased 
utilization of this type of antibiotic will result in the 
spreading of genes coding for the Zn2+-/%lactamases 
to an ever larger number of strains, and it would be 
advisable to develop the search for specific inhibitors 
of these enzymes. 

However, the active-site serine /%lactamases 
represent a more immediate problem. They hydrolyse 
the antibiotics according to the acylation/deacylation 
pathway described by Fig. 2 [6]. Their efficiency can 
be really frightening. Some enzymes have indeed 
been described as “perfect catalysts” [9], with 
k,/K’ ratios close to the diffusion-limit values 
(lo8 M-‘set-I) combined with very high k3 values 
(4000 set-I). Moreover, in constitutive mutants of 
Gram-negative strains, enormous amounts of enzyme 
are produced, yielding periplasmic plactamase 
concentrations up to 1 mM [lo]. Under these 
conditions, a sensitive antibiotic has no chance of 
ever reaching its DD-peptidase target. A detailed 
understanding of the catalytic mechanism of these 
enzymes is thus essential to the design of new 
molecules that can escape their hydrolytic action. 

The three classes of active-site serine plactamases 

On the basis of their primary structures these 
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Fig. 1. Structures of penicillins (A), cephalosporins (B), cephamycins (C), carbapenems (D) and 
monobactams (E). The arrows indicate the sites of action of /%lactamases 0, acylases Q and esterases 
6. Note that some cephalosporins do not exhibit an ester side-chain on C3. The chemical structure 

common to all these compounds is the four-membered plactam ring, highlighted by heavier lines. 
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Fig. 2. Interaction between active-site serine penicillin- 
recognizing enzymes (E-OH) and a plactam. Formation 
of a non-covalent complex, EC, is followed by the acylation 
of the active-site serine residue side-chain. The acylenzyme 
EC* subsequently undergoes hydrolysis, regenerating the 
active enzyme. With DD-peptidases, the value of k3 is very 
low, generally smaller than lo-%ec-I. The inactivating 
efficiency of a plactam is then characterized by the k2/K’ 
ratio [where K’ = (k-, + kZ)/k+,]. With filactamases, k3 is 
very high, up to several thousand set-‘, which results in a 

rapid turn-over of the antibiotic. 

enzymes have been divided into three molecular 
classes: A, C and D (for historical reasons, class B 
contains the metallo-plactamases). Within each 
class, the catalytic properties can exhibit strong 
variations, but the sequences are clearly homologous 
and new enzymes are easily distributed among these 
classes [6]. 

By contrast, computer-aided sequence com- 
parisons fail to reveal significant isology between 
members of different classes [ll]. However, the 
tertiary structures of various enzymes of classes A 
and C have been established by X-ray crystallography 
[U-16], and striking similarities in the general 
fold of the proteins have been detected (Fig. 3). 
They comprise an all-&and an e/p domain, with the 
active serine situated in a depression between the 
two domains, at the N-terminus of the long (u-2 
hydrophobic helix mostly buried in the core of 
the all-a domain. Moreover, these studies have 
demonstrated the existence of three structural and 
functional elements, located in equivalent positions 
in the three-dimensional structures [17] and 
containing residues with identical or chemically 
similar side-chains (Table 1). 

The first element contains the active serine. After 
two variable residues, whose side-chains point away 
from the active site, a lysine is invariably found. 
Due to the helical structure of this element, the 
lysine side-chain lies in the active site, where it forms 
a hydrogen bond with the active serine hydroxyl 
group. 

The second element is situated on a loop in the 
all-cu domain. The side-chains of the first and third 
residues border the active site, while that of the 
second is in the core of the protein. The first residue 
(Ser or Tyr) bears a hydroxyl group and the third is 
nearly always an asparagine, with one single 
exception in a class A enzyme (Ser). 

The third element on the innermost strand of the 
@-pleated sheet forms the opposite wall of the 
catalytic cavity. Although some variations are 
observed in class A enzymes, the first residue is 
positively charged (Lys, sometimes Arg), the second 
is hydroxylated (Thr or Ser), and the third is always 
Gly. In fact, any side-chain in this latter position 
would protrude into the active site and sterically 
hinder the interaction between most substrates and 
the active serine. 
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Fig. 3. Tertiary structures, represented by the m-carbon traces, of the Streptomyces afbus G (class A) 
and the Enterobacter cloacae P99 (class C) /Xactamases. The active-site serine (*) and the residues of 

the equivalent structural elements are labelled [element 1 (*); element 2 (0); and element 3 (A)]. 

Site-directed mutagenesis experiments have shown 
that replacement of the active serine by a cysteine 
can yield active enzymes [18, 191, but naturally 
occurring cysteine plactamases remain to be found. 

No class D plactamase tertiary structure has been 
determined, but sequence alignments allow the 
identification of the three structural elements [17]. 
Moreover, the elucidation of the Streptomyces R61 
DD-peptidase structure reveals the presence of 
equivalent elements that nicely superimpose on those 
of the class A and C /3-lactamases, results that 
underline close relationships between the two 
families of penicillin-recognizing enzymes [16,20]. 

The three elements can be identified in the sequences 
of all PBPs, irrespective of the exact affinity that 
these enzymes exhibit for the plactam antibiotics. 

Mechanistic considerations 

The catalytic mechanism of other active-site serine 
amidases and esterases has been studied in detail 
[21,22]. In many of these, a histidine residue acting 
as a general base activates the serine during the 
acylation process and the hydrolytic water molecule 
during the deacylation. The oxyanion, which is 
expected to be formed at the level of the tetrahedral 
intermediate, is also stabilized by two hydrogen 
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Table 1. Three equivalent functional elements of active- 
site serine plactamases and penicillin-sensitive DD- 

peptidases 

Element 1 Element 2 Element 3 

Class A 
70 
S*-X-X-K 

Class C 

Class D 

s. R61 
DD-peptidase 

Other known 
PBPs 

64 
S*-X-X-K 

70 
S*-X-X-K 

62 
S*-X-X-K 

S*-X-X-K 

130 
S-D-N 
S-D-S 

150 
Y-A-N 

234 
K-T-G 
K-S-G 
R-S-G 

315 
K-T-G 

144 214 
Y-G-N K-T-G 

159 
Y-S-N 

298 
H-T-G 

S-X-N 
s-x-c 
Y-G-N 

K-T-G 

c 
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Fig. 4. Formation of the tetrahedral intermediate during 
the hydrolysis of a peptide bond by an active-site serine 
enzyme, showing the combined actions of a general base 
(Bl) and of the oxyanion hole and collapse of the 

tetrahedral intermediate to yield the acylenzyme. 

bonds, with the main chain NH-groups of Ser 195 
and Gly 193 in the case of chymotrypsin (Fig. 4). 
Docking of the penicillin molecule in the active sites 
of various plactamases and of the S. R61 DD- 
peptidase indicates that similar “oxyanion holes” can 
be located in all of the structures, comprising the 
main chain NH-groups of Ser 70 and Ala 237 in the 
class A enzymes, Ser 64 and SerIAla 318 in class C, 
and Ser 62 and Thr 301 in the DD-peptidase 
[12,13,15,16,20]. Conversely, no conserved his- 
tidine is found in /I-lactamases and PBPs. The 
Streptornyces albus G class A plactamase does not 
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Fig. 5. Superposition of the active-site residues of a class 
A filactamase (dashed lines) with the corresponding 
residues of a class C enzyme (redrawn from Ref. 16). 
Heavy lines represent the backbone bonds and the (Y- 
carbons are labelled by dots. The residue numbers for the 

class A enzyme are given between parentheses. 

contain even one such residue [23]. In consequence, 
the search for a general base in Plactamases has 
generated a large number of studies and strong 
controversy. If one assumes that a unique mechanism 
is valid for all active-serine /Mactamases, the sole 
likely candidate is the Lys residue of the first 
element, which should accordingly exhibit a strongly 
lowered pK,. An alternative hypothesis, recognizing 
that the @-lactam amide is intrinsically less stable 
than its peptide counterpart, assumes that the 
generally positive environment of the active site, 
with two Lys side-chains and the dipole of the a- 
helix, might be sufficient to activate the serine 
hydroxyl group [ 131. 

In class A plactamases, a third possibility involves 
a glutamate residue, which is conspicuously absent 
in the other enzymes, and whose modification results 
in a very serious impairment of the catalytic process. 
The possible mechanisms are now discussed on the 
basis of the known three-dimensional structures and 
in the light of the results obtained by site-directed 
mutagenesis. 

GZu 166 in class A enzymes. This residue is situated 
on an Q loop, which borders the catalytic cavity [ 12- 
14,241. Its side-chain takes part in a dense hydrogen 
bond network within the active site. No corresponding 
residue is found in that position in the class C enzyme 
or in the S. R61 DD-peptidase structure (Fig. 5). Its 
importance in the catalytic process was revealed by 
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Fig. 6. Alternative activations of the active-site serine in class A plactamases (A) by Glu 166 via the 
conserved water molecule, and (B) by a deprotonated Lys 73. 

the study of a natural variant of the Staphylococcus 
aureus and of the Glu166Asp mutant of the Bacillus 
cereus I enzymes [25,26]. The detailed study of this 
latter protein obtained by site-directed mutagenesis 
indicated that both the k2 and kj first-order rate 
constants were decreased by the same, 2000-fold 
factor, results that suggested a similar role for this 
residue in both acylation and deacylation processes. 
However, the structures show that the distance 
between its carboxylate group and the active serine 
hydroxyl is too long to allow a direct proton transfer 
between the two side-chains. But the crystallographic 
and modelling data [ 241 clearly show that a conserved 
water molecule may serve as a relay in this proton 
transfer (Fig. 6). This hypothesis is strengthened by 
modelling results obtained by “docking” cefoxitin in 
the enzyme active site. This molecule, which 
contains a methoxy group on C7 (Fig. l), acylates 
the active serine with exceedingly poor efficiency. It 
does, nevertheless, easily fit into the active site, but 
the 7-methoxy group displaces the water molecule 
[27], which can explain why no further reaction 
occurs after the formation of the non-covalent EC 
complex. Studies performed with the class A enzyme 
from StaphyZococcw aureus PC1 and a covalently 
bound phosphonate acting as a transient state analog 
seemed to confirm 1:his hypothesis [28]. 

The behaviour of other mutants where Glu 166 
has been replaced by other residues is, however, not 
very consistent. In sN3me of these, both acylation and 
deacylation are impaired, in agreement with a pivotal 
role of Glu 166 in b’oth processes [26,29,30], but in 
others acylation appears to occur readily, while 
deacylation is extremely slow [31,32]. A surprising 
observation was that the same mutation, Glu166Ala, 
in two very similar enzymes from Bacillus cereus 
[30] and Bacillus licheniformis [31] more strongly 
affected the acylation rate with the first enzyme than 
with the second, whereas the inverse situation 
prevailed for deacylation. In consequence, it is 
generally accepted that Glu 166 acts as a general 
base in the deacyla.tion reaction by activating the 
hydrolytic water molecule, but its exact role in the 
acylation process remains much more poorly 
understood. 

The Lys residue of rhe first element 

The Glul66Asn mutant of the TEM class A /% 
lactamase is one of those proteins where acylation 

readily occurs but which fails to deacylate efficiently 
[32]. To explain these results, it has been proposed 
that the deprotonated side-chain of Lys 73 might 
accept the serine proton in acylation, while the role 
of Glu 166 would be restricted to the deacylation 
step. This is only possible if the enzyme active site 
environment decreases the pK of the ammonium 
group of Lys 73 by 5-6 pH units. 

According to the authors, such an exceptionally 
great effect could be due to a very positive electric 
field created by the LY-2 helix dipole, the ammonium 
group of Lys 234 (element 3) and, possibly, some 
other residues, such as Arg 244 and Arg 164, located 
somewhat further away from the active-site serine. 
However, this hypothesis, which rests on electrostatic 
factors, is clearly undermined by the fact that the 
carboxylate group of Glu 166 is much closer to the 
&-NH2/NH3+ group of Lys 73 than is any positively 
charged side-chain [ 13,241, and, in fact, one would 
even expect the elimination of the negatively charged 
carboxylate to increase the nucleophilicity of the Lys 
73 side-chain. Moreover, as shown by Gibson et al. 
[26], the Lys73Arg mutation in the B. cereus enzyme 
decreases the kz value only 70-fold, i.e. significantly 
less than the Glu166Asp mutation in the same 
enzyme, a result that seems to indicate a more 
crucial role for this latter residue [26]. 

The positive environment around the active serine 

As discussed above, the results of the modifications 
of the Glu 166 side-chain appear to contradict this 
hypothesis. In addition, modification of Asn 170 in 
the B. licheniformis enzyme, a residue that helps to 
maintain both the water molecule and the side-chain 
of Glu 166 in their observed positions (Fig. 5), also 
results in decreased acylation rates. * 

The same hypothesis, however, appears more 
likely to be valid for class C plactamases since the 
absence of a residue equivalent to the class A Glu 
166 results in a distinctly more positive active site in 
the former enzymes (and also possibly in class D /3- 
lactamases). However, by superimposing the active 
serine side-chain and the two oxyanion hole NH- 
groups of the Citrobacter freundii class C enzyme on 
the corresponding group of chymotrypsin, Oefner et 
al. [15] observed that the Tyr 150 oxygen atom of 

* Fink AL, personal communication. Cited with 
permission. 
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Tyr in second element 

Fig. 7. Tentative phylogeny of DD-peptidases and /Mactamases. As shown by the M, values, the 
rearrangements often involve the loss of large parts of the polypeptide chains. 

the former was in a position equivalent to the proton- 
accepting imidazole nitrogen of His 57 in the latter, 
thus making Tyr 150 a possible candidate for the 
role of general base. But again, the pK of this 
residue should be very low, around 5-6, to account 
for the pH-activity profile of the enzyme, a 
value that might be explained by electrostatic 
considerations. Crystallographic results obtained 
with a phosphonate monoester inhibitor and another 
class C enzyme from Enterobacter cloacue confirmed 
this hypothesis [33]. Accordingly, the activity of the 
TyrlSOPhe mutant was generally decreased in a very 
significant way [34], and the properties of the 
Lys315His and Lys315Gln mutants seemed to 
indicate that thislatter residue wasmainly responsible 
for increasing the nucleophilic properties of another 
side-chain [35]. However, the TyrlSOPhe mutant 
retained most of its activity on poor substrates, 
suggesting a different, more complex role for the 
Tyr 150 side-chain [34]. Although modifications of 
Lys 67 of the E. cloacae enzyme also resulted in 
lowered acylation rates, this seemed to be due to an 
increase of the K’ value rather than to a decrease 
of k2, at least with poor substrates [36]. The 
interpretation of the experimental data is very often 
made quite hazardous by the fact that, for technical 
reasons, it is not possible to determine the individual 
values of k2 and K’ for good substrates, and, in 
consequence, the effects of the various mutations 
become very difficult to assess. 

Protonation of the leaving group 

In chymotrypsin catalysis, protonation is thought 
to occur via the back-delivery of the proton first 
accepted by the general base (His 57, Fig. 4). In 
class C, if Tyr 150 is indeed the general base (but 
see above), a similar mechanism could prevail. 
However, in class A enzymes, this is certainly not 
so. Crystallographic and modelling studies of the 
structure of the acylenzyme indicate that the hydroxyl 
group of Ser 130 might be ideally located to fidfil 
this function [24,32], which is only possible if a 

proton is simultaneously transferred onto the same 
side-chain, since the instability of the alcoholate ion 
precludes its formation as an end product. The dense 
array of hydrogen bonds within the active site would 
make this exchange possible, with the proton 
originating from Glu 166 or Lys 73, depending upon 
the identity of the general base. 

Conclusions 

Despite the striking similarities found in their 
tertiary structures and the equivalent positions 
occupied by chemically identical or similar groups, 
it seems difficult to propose a unique mechanism for 
the hydrolysis of plactams by class A and class C 
enzymes. Since with the latter, deacylation is often 
the rate-limiting step in the reaction pathway, it is 
tempting to hypothesize that Glu 166 was “invented” 
by class A enzymes to accelerate this final step. It 
would subsequently have been “recruited” for 
playing a similar role in acylation. But, as stated 
above, its identification as the general base in the 
acylation process is not supported by all the 
experimental evidence unless, in some mutants 
where Glu 166 is replaced by an uncharged residue 
and for which the electrostatic argumentation might 
appear more convincing, a deprotonated Lys 73 
could replace it as the general base. Moreover, slow 
deacylation is not an absolute property of class C 
enzymes: with some substrates, this occurs at very 
respectable rates [37], an observation that is also 
valid for the less well-studied class D enzymes [38], 
which also lack an equivalent of Glu 166, but like 
their class C counterparts, contain a Tyr residue in 
the second element. 

When the comparison is extended to the DD- 

peptidases, further difficulties arise. If the intrinsic 
reactivity of the j?-lactam amide could be considered 
as partly responsible for the relative efficiency of the 
active serine acylation by penicillins, it is not so with 
the physiological peptide substrates. As in class C 
enzymes, the Tyr residue of the second element may 
participate in the activation of the serine, but most 
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PBPs contain a serine in the equivalent position, 
and it seems unlikely that the peptide bond might 
be broken without the participation of additional 
side-chains that remain to be identified. 

If one assumes that all active-site serine penicillin- 
recognizing enzym’es share a common ancestor, an 
early divergence must have occurred at the level of 
the second elemenlt between the “tyrosine” and the 
“serine” enzymes (Fig. 7). Additional mutations 
then occurred in “R61-like DD-peptidases” to yield 
the class C and class D enzymes. Similarly, the 
“serine” PBPs would have evolved into class A j% 
lactamases, a process in which the most significant 
step would have been a major rearrangement leading 
to the formation of the Q loop, with the essential 
Glu 166 [16], thus ensuring an efficient deacylation. 
Moreover, it should be stressed that, in both 
evolutionary pathways, the mutations leading to the 
/%lactamases also increase the acylation efficiencies 
by plactams and result in the complete loss of 
peptidase activities. However, both plactamases 
and DD-peptidases recognize depsipeptide substrates, 
where the NH-group of the scissile bond has been 
replaced by 0 or S [ 39,401. As suggested by Murphy 
and Pratt [41], plactamases have lost the ability of 
acting on the relatively unreactive, planar peptide 
bond, but can readily attack the more reactive and 
flexible ester and thiolester bonds. 

We are presently witnessing a continuation of this 
evolutionary process. Two strategies have been 
utilized in fighting plactamase-producing bacteria: 
the introduction of “plactamase stable” plactams 
and the simultaneous administration of a plactamase 
inactivator with a classical, plactamase-sensitive 
compound. Bacteria have efficiently countered both 
strategies. In the fi:rst case, enzymes have emerged 
that efficiently hydrolyse the stable compounds. 
These were either completely new enzymes, initially 
produced by little-studied strains [42], or mutants of 
well-known proteins, differing from the parent 
enzymes by only a few mutations [7]. Such point 
mutations have also been involved recently in the 
appearance of inactivator-resistant enzymes [43,44], 
but at least one novel enzyme has also been described 
on which one of the most widely utilized inactivators 
became Father inefficient [45]. The struggle against 
pathogenic bacteria. is still far from over, and the 
need for a better understanding of the exact 
mechanism of filactamase catalysis is thus more 
crucial that ever. 
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