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1. INTRODUCTION

The concept of antibacterial chemotherapy goes back to the discovery
of the sulfa drugs in the 1930's., This concept, however, was definitely
established only when the first cures were achleved by penlcillin in 1941.
Penicillin opened the antibiotic era in which we are living now.

Penicillin has given rise to a flourishing family of drugs (penicil-
lins, cephalosporins, monobactams) designated collectively as f-lactam an-
tibiotics (Fig. 1}. All of them originally came from mlcreoorgenisms of the
soil but many of them were rendered more effective by chemical wodifica-
tions, The multiplicity of the pA~lactam molecules -~ more than 100,000 -
that the pharmaceutical industry has produced essentially by trial and er-
ror, has been dictated primarily by the varlous countermoves that the bac-
teria have made to resist our most effective armory of antibacterial che-
motherapy. One of countermoves — and so far the most impressive one -~ has
been the rapld spread of genes coding for various types of pB-lactamases.

The B-lactamases degrade benzylpenicillin, and other B-lactam anti-
blotics discovered subsequently, into blologically inactive metabolites by
opening the B-lactam ring through hydrolysis of the endocyclic amide bond.
p-Lactamase genes are readily transferable elements and bacteria can
create new B-lactamases by recombination of exlsting genes. As a result of
the selective pressure exerted by the massive use of the B-lactam antibio-
tics, almost every bacterial species has now members that have acquired a
B-lactamase gene and about 100 different types of B-lactamases have been
detected.

While there 1s still plenty of evidence for the continuing develop-
ment of resistance by B-lactamase productlon, other lines of defense have
appeared. Tolerance to B-lactam antiblotics, though poorly understood, can
be defined as diminished and/or delayed killing by bacterial growth inhi-
bitory concentrations of the drug. Intrinsic resistance may be due to a
decreased accessibility of the drug to its targets by modifications of the
bacterial cell envelope and/or modifications of the targets themselves re-
sulting in a decreased susceptibility to the drug.

In this war between man and bacteria, Professor Plet De Somer has
been one of the great ploneers. As a result of his and C. De Duve's stu-
dies on penicillin production, a plant (RIT, now Smith Kline-RIT) was
built in Genval (Belgium) where, in spite of the many techmnical problems
still unscolved at that time, penicillin was manufactured commerclally as
early as [947. Subsequently, P. De Somer's contributions and insights have
been decisive in opening up several other areas of major importance, After
he founded the Rega Institute in 1954, scientific achievements increased
ever since, not only in the field of antibiotics but also in several other
fields of microbiology. As to the antibiotic field, suffice it to mention
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FIGURE 1, B-Lactam imactivators of the bacterial active-site serin DD-pep—
tidases.

the discovery of griseomycin and virginiamycin and the design of one of
the first semi-synthetic penicillins, clometocillin,

The aim of this article is to discuss advances made in the understan-
ding of the catalytic mechanisms of two groups of enzymes whose common
property 1is to recognize the B-lactam antibiotics : the DD-peptidases
which are the target of penicillin action and the B-lactamases.

2. THE DD-PEPTIDASES/PENICILLIN BINDING PROTETINS

The biochemistry of the penicillin targets started some twenty years
ago. In the late 60's, the primary structure of the bacterial wall peptil-
doglycan - which for many years had been known to be the site of the le~
thal lesion caused by penicillin - had been elucildated (1) (Fig. 2) and
the pathway of wall biosynthesls had been unravelled (2) (Fig, 3). Killing
of bacterla by penicillin was attributed to the selective inactivation of
a mewbrane-bound transpeptidase, whose normal fumction is to incorporate
the lipid-transported disaccharide peptide peptidoglycan precursors, as
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glycans in Escherichia coli

they emerge from the plasma membrane, to the preexisting wall peptidogly-
can. Inactivation of the transpeptidase by penicillin was interpreted as a
suicide process. The enzyme, mistaking the penicillin molecule for a D-
alanyl-D—alanine—terminated peptidoglycan precursor (Fig. ) undergoes de-
rivatization in the form of a highly stable adduct, As a corollary, the
transpeptidase behaves as a "peniciliin binding protein”.

As the research was progressing, the complexity of the reactions in-
volved in wall peptidoglyean crosslinking became more and more evident and
the unitary transpeptidase model had to be revised (3). All the bacteria
possess, bound to the plasma membrane, multiple penicillin binding pro-
teins (PBSs) of a molecular mass ranging from 25,000 to 106,000 or more
(they are currently numbered in the order of decreasing size)., Each bacte-
rial specles has its own assortment of PBPs. The several PRPs present in a
single cell show varying susceptibility to B-lactam antibiotics so that,
depending on the antlbiotic concentration and the time of exposure used,

may vary widely. The PBPs
ia coll, PBPs 1A/1B, 2 and

fulfil distinct cellular functions {in Escherich

3 are related to cell elongation, shape maintenanca and cell septation,
respectively), do not show the same degree of essentiality for bacterial
growth and may play compensatory roles,

The high-Mr PEPs (1A/1B, 2 and 3) have been assi
Importance in the killing of E.coli by
this is a rather exceptional si

gned a role of prime
the B-lactam antibiotics (3). But
tuation. Often, comparison between the an-
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FIGURE 3. Bilosynthesis of the bacterial wall peptidoglycans. Xaa = meso-
diaminopimelic acid (as it occurs in E,coli) or L-lysine (as it occurs in
S.aureus). Addition of the five glycine residues to the c-amino group of
the L-lysine residue (see Fig. 2) takes place at the level of the lipid
intermediate (not shown).

tibacterial effectiveness of a @-lactam antibiotlic and the concentration
needed to derilvatize some percentage (i.e. 50 %, 90 %, etc.} of one or
more of the PBPs does not produce reasonable correlations and defining the
killing target of a pB-~lactam antibilotic 1s difficult. There are cases
where the first symptom of growth inhibition by penicillin has been rela-
ted to a characteristic degree of saturation of each of the PEPs present,
suggesting that the antibacterial effect arises from a summation of the
extent of inactivation of several PBPs or from the abnormal relative con-—
centrations of the PBPs left in a free form in the antibiotic-treated
cells (4).

The PEPs to which catalytle activity could be assigned, catalyze va-
rious acyl transfer reactions. By transpeptidation (reaction A in Fig. &},
they perform closure of the bridges through which peptide units substitu-
ting adjacent glycan chailns become linked together. This reactlon is es-
sential for the polymerizatiom and expansion of the wall peptidoglycan in
the form of anrn inscluble network. By carboxypeptidation, PBPs 1imit the
amounts of donors available for transpeptidation (reaction B in Fig. 4)
and/or produce new amino acceptor sites in the preformed peptidoglycan
network (reaction C in Fig. 4). The significance of these hydrolytic acti-
vities 1s not clear, They probably control the level of cross-linking in
the completed peptidoglycan and serve a role in wall remodelling through-
out the bacterial 1ife cycle.

Depending on whether the acceptor is the w-amino group of a peptide
or water, the transfer reaction leads to an increased or a decreased ex-
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fer reactions with natural peptide domor and dcceptor substrates,

tent of cross-linking. Yet, in all cases, the scissile peptide bond in the
carbonyl donor is located in the a-posltion with respect to a free carbo-
xylate and extends between two carbon atoms having the D configuration.
This unique optical specificity justifies the name "DD-peptidase" given to
the PBPs. Their selective inactivation by B-lactam derivatization explains
the remarkable selective toxicity of these antibiotics.

lsolated DD-peptidases/PBPs may have high activity on well-defined
peptides. These peptides may be of natural origin (as those shown in Fig,
4) or especially designed to function as donor and acceptor analogues (as
those shown in Fig. 5). Other PBPs (of high molecular mass) catalyze, in
concert, peptide cross-linking by transpeptidation and glycan synthesis by
transglycosylation, Their bifunctionality 1s revealed by the products that
they generate upon incubation with the lipid-linked precursor N-acetylglu-
cosaminyl—N~acetylmuramyl(pentapeptide)—diphosphoryl—undecapreno1
6). These reactions proceed with a low turnover number of 0.01 s or
less, suggesting that the in vitro conditions poorly mimick the in vivo
situation. As shown with PBP3 of E.coli, removal by gene fusion of the
amino terminal 240 amine acid reglon which, presumably, contains the peni-
cillin-insensitive transglycosylate site, results in a truncated, 348 ami-
no acid polypeptide that binds penicilin (5).

The DD-peptidase/PEPs are not easily accessible to biochemical stu-
dies. They occur in a small mumber of coples per cell, from perhaps 100 to
2000, and their membraneous nature poses obvious problems {(though some of
them can be detached from the plasma membrane by careful proteolytic ac-
tion without apparent alteration of the catalytic properties). DNA recom-
binant techniques as means to prepare large quantities of water-soluble
DD-peptidase/PBPs are actively investigated. In addition, such enzymes are
excreted spontaneously during the growth of bacteria (i.e. actinomycetes
strains),

The gene encoding the extracellular DD-peptidase/PBP of Streptomyces
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R61 has been clomed with amplified expression of the excreted proteim (6).
The gene codes for a 406 amino acld precurser which possesses both a clea-
vable N-terminal signal peptide and a cleavable C-terminal extension. This
C-terminal segment has no runs of hydrophobicity typilcal of a membrane an-
chor. But, by analogy with E.coli PBP mno 5, it may be hypothesized that,
should it not be cleaved during maturation, thils segment would function as
a halting signal through which the enzymes would become membrane-bound by
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a mechanism not previously described. Whatever the mechanism and physiolo-
gical significance of excretiom, this water-soluble 349 amino acld enzyme
has served its role in the unravelling of the enzymatic, biochemical and
structural properties of the DD-peptidases/PBPs,

3. DD-PEPTIDASES AND B-LACTAMASES-CATALYSED ACYL TRANSFER REACTIONS

In recent years we have witnessed one of those remarkable convergen-
ces which not unfrequently lead to episodes of high drama 1in sclence. The
convergence 1s that, following initial studies made in 1976 (7) and 1979
(8), all the DD-peptidases/PBPs and the majority of the B-lactamases which
have so far been characterized are active-site serine enzymes which can be
regarded as counterparts of the LL-peptidases of the trypsin family. They
all operate by an acyl enzyme mechanism,

3.1, General reaction and basic equations (9)

The DD-peptidases and PB-lactamases-catalysed reactions proceed via
the formation of a covalent intermediate in which the electrophilic carbon
of the carbonyl donor substrate becomes ester-linked to the hydroxyl group
of the enzyme's serine residue (Fig. 7). Enzyme acylation produces a lea-
ving group or product PI' In turn, transfer of the acyl moiety to an eXo-

|
genous nucleophllic acceptor HY causes release of R-C-Y, or product P
and enzyme regeneration.
This three-step reaction can be presented by

2!

K k k
e +2 + 43
E+ DD —% BD SE+ 0P, 1
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where E = enzyme; D = carbonyl donor; HY = exogenocus nucleophile; E.D =
Michaelis complex; E-D" = serine ester~liked acyl enzyme; K = dissociation
constant; k_, and k,, = first-order rate constants; P| = leaving group and
Py = second reaction product. It is assumed that [D] >> [E], E.D is in ra-
pid equilibrium with free enzyme and free donor, and HY (i.e. water)} is at
a saturating concentration.

The values of kca and Km are related to K, k+

and k+3 by

t 2

kyakys _ Kie, 5
keat = T — Ko = —
kyp ¥ kg kyy + kg

so that k ,/K (i.e. the second-order rate constant of enzyme acylation by
the carbonyl donor) is equal to kca /Km,

The proportion of total enzyme [E] which ocecurs as acyl enzyme
{E-D ]ss at the steady state of the reactiSn is

[E} k Kk
___;_2_ - 43, 43 2
{e-p }ss k+2 k+2[D]

The time necessary for the acyl enzyme to reach a certain percentage
of 1ts steady state level is

[E-p*] ,

- 1ln (1 - 5
[E-D ]55

(I

k+3 + ka
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FIGURE 7. Active-site serine enzyme—catalyzed acyl transfer reactiom be-
tween an amide {or ester) carbonyl donor and an exogenous nucleophilic ac-
ceptor. R-CONH-R' or R-COO-R' = amide or ester carbonyl domor; E-CH = en-
zyme with the hydroxyl group of the serin residue; H,N-R' or HO-R' = lea-
ving group; HY = exogenous acceptor (HZO’ an amino compound, etc.).
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enzyme formation at a given concentration of carbonyl donor.

where ka = is the pseudo-first-order rate constant of acyl

For k+3 > k+2, the steady-state proportion of enzyme present as acyl

enzyme is low (kc =k, , and Km = K}. For k+2 >> k+3, this proportion is

at +2
high (kcat = k+ and Km = Kk+3/k+2) and the accumulated acyl enzyme can be
trapped, isclated and characterized., If k+3 has a very small absolute va-

3

lue, the acyl enzyme is highly stable and the donor 1s a mechanism-based
inactivator.

The presence of competing nucleophiles (alechol, hydroxylamine, other
amine compounds) in the aqueous reactlon mixture modifiles the fate of the
donor since the enzyme activity undergoes partitioning at the level of the
acyl enzyme between hydrolysis, alcoholysis, aminolysis or transpeptida-
tion, An alternate nucleophile may also increase the rate of consumption
of the domnor (i.e. kcat) if, in water, the acyl enzyme accumulates (k+2 >

k+3) .

3,2, DD-peptidases and g-lactamases-catalysed reactions with non-cyclic
peptide and ester carbonyl donors
The substrate profiles of some DD-peptidases and B-lactamases have
been explored using several peptides and depsipeptides as donors (Fig. 8)
and by carrying the reactioms both 1in water and in aqueous solutions con-
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Lys~D-Ala-D-Ala; (2) Acp ~L-Lys-D-Ala-D-lactate; (3) phenylacetylglyeyl-D-
mandelate; (4) hippuryl-(D)-phenyllactate; (5) phenylacetylglycylsalicy~
late.

taining alternate acceptors.

Not surprisingly, the conclusion of these studies 1is that a peptide
or a depsipeptide of high donor activity for a DD-peptidase (such as Acy-
L-Lys-D~Ala-D-Ala or Ac,-L-Lys-D-Ala-D-lactate) closely resembles the €~
terminal portion of a peptidoglycan precursor. With the DD-peptidases stu-
died, the k, . /k ratio is such that enzyme acylation is usually slower or
much slower “thal enzyme deacylation, the efficacy of binding of D-alanyl-
D-alanine-terminated peptides is relatively weak (Km = K = 0.1-10 mM; &
situation which favors maximization of the overall reaction rates) and the
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k, . values of enzyme acylation may range from = 1 s_'1 to = 50 3_1. Repla-
cement of the scissile peptide bond by an ester bond (as it occurs in the
depsipeptides} usually results in an increased rate of enzyme acylation
(k,.).

+2 Relatively little is known on the B-lactamases-catalysed acyl trans-
fer reactions 1Involving non-cyeldc domors. But three observations have
been made. 1) All the B-lactamases appear to be devold of peptidase acti-
vity. 2) Some B-lactamases {such as that produced by Enterobacter cloacae
P99) have esterase activity (10); hence p-lactamases and DD-peptidases
exlst which catalyse acyl transfer reactions from the same depsipeptide
domors. 3) Other B-lactamases (such as that produced by Bacillus licheni-
formis) have no or little esterase activity; B-lactam compounds are, appa-
rently, the only donors om which they operate.

As expected from an acyl enzyme mechanism, the presence of alternate
nucleophiles causes partitioning of the acyl enzymes formed during inter-
action between mom-cyclic (peptide and/or ester) donors and the DD-pepti-
dases or B-lactamases. The following examples 1illustrate the underlying
mechanisms.

The use of D-alanyl-D-alanine-terminated peptides as donors by the
DD-peptidases reveals a subtle "push and pull" interplay at the level of
the acyl enzyme, between the leaving group D-Ala, water and an exogenous
amino compound NH,-R structurally related to the wall peptidoglycan inter-
peptide bridge. Dépending on the DD-peptidases, the relative acceptor ac-
tivity may be D-Ala << 55,5 M H,0 << mM NH_-R or 55.5 M 1.0 << D-Ala << mM

2 2 z
NH,-R (Fig. 9).

The DD-peptidases of the first type hydrolyze the donor to completion
without any significant accumulation of acyl enzyme and without any sign
of interference by the leaving group D-Ala (which accumulates in the reac-
tion mixture}. Millimolar concentrations of an exogenous, suitable peptide
acceptor channel part of the donmor to the transpeptidated product at the
expense of 1ts hydrolysis (Fig. 9A). These DD-peptidases (for example the
PBPs 4, 5 and 6 of E.coli and the Streptomyces R61 DD-peptidase) catalyze
concomitant carboxypeptidation and transpeptidation reactions om a compe-
titive basis.

The DD-peptidases of the second type (for example the 26,000-Mr, mem—
brane-bound DD-peptidase of Streptomyces K153) (11} behave differently. The
leaving group D-Ala effectively suppresses the acceptor activity of water,
performs attack of the acyl enzyme and regenerates the initial carbonyl
donor. Though the DD-peptidase turns over and a non-negligible proportion
of it occurs as acyl enzyme, little of the carbonyl domor is consumed. In
turn, this "pace-making" mechanism can be overcome by supplementing the
reaction mixture with a suitable peptide acceptor. This peptide, at milli-
molar concentrations, largely saturates the enzyme (and 1s the only accep-
tor HY of reaction 1). Consequently, the carbonyl donor is transpeptidated
until completiom, no acyl enzyme accumulates and the DD-peptidase func-
tions as a strict traanspeptidase (Fig., 9B). Experimental evidence also
shows that the peptide acceptor does not behave as a simple alternate nu-
cleophile. It influences the initial binding between the enzyme and the
donor and enphances the efficacy of the ensuing enzyme acylation step,

These properties offer a possible explanation for the observations
that certain PEPs have no detectable or weak enzymic activity in vitro.
The high-Mr PBPs [A/1B, 2 and 3 of E.coli, already mentioned, may lack hy-
drolytic potency because they possess a "pace-making" mechanism like that
described above. They may have low intrimsic transpeptidase activity be-
cause in the assays so far devised, they do not find the right amino ac-
ceptor needed for an efficient acylation of the protein by the donor.
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FIGURE 9. Competition between the leaving group D-Ala, water and an exoge—
nous amino acceptor at the level of the acyl enzyme formed during DD-pep-
tldase-catalyzed acyl tramsfer reactionm with Acz—L-Lys—D-Ala—D-Ala as car-
bonyl donor. A) The DD-peptidase catalyzes concomitant carboxypeptidation
and transpeptidation reactions. B) The DD-peptidase catalyzes, almost ex—
clusively, a transpeptidation reaction. E-DH = enzyme with the hydroxyl
group of the serine residue.

3.3. bD-peptidases and B~lactamases-catalyzed reactions with cyclic (B~

lactam) carbonyl donors

B-Lactam compounds may have high donor activity for the B-lactamases
and the DD-peptidases if the two following minimal reguirements are ful-
filled. A negative charge must occur at the 3' in the penicillins and 4°'
in the cephalosporins (this group is usually a carboxylate but a sulfate
is found in the monobactams) and the acyl side chain borne by the f-~lactam
ring must be on the 8 face im a cis-position to the thlazolidine ring in
the penicillins or dihydrothiazine ring in the cephalosporins (Fig. 1).

Enzyme acylation of f-lactam compounds produces a leaving group which
remains covalently attached to the enzyme ester-linked electrophilic por-
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tion of the donor. Consequently, the enzyme's active site remains occupied
by a leaving group which cannot leave. In this respect, the reactions ca-
talyzed by the f-lactamases contrast with those catalyzed by the DD-pepti-
dases (Fig. 10).

The B-lactamases have adapted themselves to the situation created by
a non-diffusable leaving group. Water is an excellent attacking nucleo-
phile of the acyl (penicilloyl, cephalosporoyl, etc,) enzyme which, usual-
ly, 1s very short-lived. The S&-lactamases can,hydrolyze fg-lactam antibio-
tics with very high k.,+ values (up to 1000 s ).

In contrast, f-lactam compounds are mechanism-based inactivators of
the DD-peptidases. Constant k of reaction 1 may have a very small abso-
lute value. However, the efficdcy of the inactivation depends on the va-
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FIGURE 10, B~Lactam compounds as carbonyl donors of the f§-lactamases and
DD-peptidases., E-OH = enzyme with the hydroxyl group of the serine resi-
due.
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lues of all the kinetlc parameters (9). The higher the second-order rate
-1 -

constant of enzyme acylation (k+1/K; M s 1) and the smaller the first-or-

der rate constant of acyl enzyme breakdown (k+

lactam compound concentration {([D]) for which the term Kk+3/k+2[D] of
<<k

3 » simplifies to [E]O/[E~d*]SS =] +
(Kk+3/k+2[D]) becomes negligible. When this term is smaller than 0.01,
virtually all the DD-peptidase is immobilized as acyl enzyme at the steady
state of the reaction.

The time required for the reaction to reach the steady state is ano-
ther important feature of the inactivation process, Assume four g-lactam
compounds acting on a given DD-peptidase. They are used at the same con—
centration ([D] = 1 uM), the k+3 value for acyl enzyme breakdown is the
same (k+3 =1x 10_43-1; i.e. the acyl enzyme has a half-life of 125 min)
but the relevant k, /K values are 10, 100, 1000 and 10,000 M_ls_i. It fol-
lows from equations 2 and 3 that 9.1 7, 58 %, 90.9 % and 99 %, respective—
ly, of the DD-peptidase is acylated at the steady state of the reaction
and that it takes 698 min, 348 min, 70 min and 7.6 uwin, respectively, for
the reaction to reach 99 % of the steady-state.

B-~Lactam compounds have been extensively used to probe the active si-
tes of the DD-peptidases/PBPs (12). The values of k . and k 2/K (and some~
times the individual values of K and k,.) have been determined accurately
in some cases. An interesting conclusion of these studies is thar a cyclic
B-lactam compound is not necessarily a better acylating agent of the ac-
tive-site serine residue than a non-cyclic peptide (or ester) donor. More-
over, as observed with non-cyciic domors, the efficacy of binding of the
B-lactam compounds may be relatively weak (K = 0,1-10 mM), However, be-
cause of high k+ values, the DD-peptidases/PBPs can be (almost) complete-
ly immobilized As acyl enzymes in a few seconds or minutes by B~lactam
compound concentrations much smaller than the dissociation constant K.

Plots of extents of protein acylation versus B-lactaa compound con-
centrations give access to the 8-lactam compound concentration {[D]y g)
which 1s necessary to achleve 50 % saturation of a given DD-peptidase/PBP
after a given time of incubation (tg 5) and at a given temperature. Under
certain conditions (9}, these [D]g 5 and ty 5 values are related to the
second-order rate comstant of protein acylation by

35 s_l), the lower the 8-

equation 2 (which for k+

K
([DTe) = 0.69 —— 4
0.5 K,

Equation 4 1s valld 1f 1) the incubation time is much smaller than k+ (or
ka >> k+ ); 11) D] << X; and 1ii) the B-lactam compound concentra%ions
used are such that a 100 % level of protein acylation would be achieved at
the steady-state of the reaction. That these conditions are fulfilled can
be checked graphically; a 23-fold (or a 7.2-fold etc.) increase in the B-
lactam concentration should be sufficient te cause a change in the extent
of enzyme acylation from 10 Z to 90 Z {(or from 20 I to 8¢ %, etc.). Hun-
dreds of IDly 5 values concerning the interactions between f—lactam com-—
pounds and PBPs have been published. These data may give at least rough
estimates of the values of the second-order rate constant of protein acy-
lation (although in many instances, the experimental conditions are not
described in sufficient detail to be sure that equation 4 applies).




3.4, Properties of the acyl enzymes formed by reaction between f~lactam

carbonyl donors, the DD-peptidases and the B-lactamases

The above discussion 1s an oversimplification. The acyl enzymes for-
med by reaction between some DD-peptidases and B-lactam compounds may be
relatively short-lived. Thus the benzylpenicilloyl PBP4 of Staphylococcus
aureus has a half-life of about 1.5 min. Conversely, the acyl enzymes for-
med by reaction between B-lactamases and B-lactam compounds may be long-
lived. This is the case for the pairs cefoxitin-RTEM B-lactamase ( =

g T
5 x 10"35'1) and cloxacillin-E.cloacae B-lactamase (k,, = 1.5 % 10”25"1).

Finally, long-lived acyl enzymes {whether they are formed with a DD-pepti-
dase or a B-lactamase} may undergo intramolecular rearrangements. Enzyme
regeneration 1s then a complex pathway.

The first acyl enzyme rearrangement reported Iin the literature des-—
cribes the rupture of the C5-Cg bond in an acyl (benzylpenicilloyl) DD-
peptidase (13) (Fig. 11). This reaction, in which water donates the proton
on C,, has two comsequences, The leaving group of the enzyme acylation
step can now leave the enzyme's active site (to glve rise to N-formyl-pe-
nicillamine) and the new phenylacetylglycyl enzyme (which is identical to
that formed by reaction with phenylacetylglycyl-D-mandelate) 1s suscepti-
ble to concomitant and immediate attack by water and a structured amino
compound. Hydrolysis of the benzylpenicilloyl enzyme with release of ben-
zylpenicilloate and rupture of C_-C. proceed at approximately the same low
rates (= 0.5 x 10"%s" ') so tha€ C.-C, rupture is not an effective means
for the enzyme to get relieved of "the bound inactivator. Release of the
phenylacetylglycyl moiety is pH-independent. Release of the benzylpenilcil-
loyl moiety increases at high pHs. The second-order rate constant computed
for the attack of the benzylpenicilloyl enzyme by OH dons is about 4
M—ls-l, a value which is not much higher than that observed for the hydro-
lysis of a-methylpenicilloate.

A second type of acyl enzyme rearrangement is observed with those ce-
phalosporins which have a good 3' leaving group, for example an acetoxy
substituent (14). Such groups are eliminated from the acyl enzyme before
deacylation occurs and an exocyclic methylene is formed. This elimination
may have lmportant consequences with respect ot cephalosporin turnover by
the fi-lactamases and 1nactivation of the DD-peptidases since the acyl en-
zymes which have undergone elimination at position 3 are more hydrolyti-
cally inert than their parents. As shown with a DD-peptidase, the 3' sub-
stituent influences enzyme acylation in a way not predictable solely on
the basis of the electronic effects and, conversely, the DD-peptidase may
strongly influence the rates of the elimination reaction.

A third type of acyl enzyme rearrangement, which 1s an integral part
of the B-lactamase inactivation mechanisms, invelves ring opening between
5, and C_ in the penam sulfones and 6-f-bromo(iode)penicillanate or be-
tween O, and C_ in clavulanate (15). Ring opening launches a series of re-
arrangements Wwhich proceed ultimately to enzyme inactivation. The esta-
blished common feature is that of a branched pathway where B-elimination
of the acyl enzyme leads to a hydrolytically inert acyl emzyme E-d' and/or
further modification of some residues of the enzyme's active site.

K kg K43
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FIGURE 1l. Rearrangement of the acyl enzyme formed by reaction between
benzylpenicillin and a DD-peptidase, Rupture of the C_-C, bond (k,,) cau-
ses release of the leaving group of the enzyme acylation step.

+4
For k+3 << k+4, the fate of the B-lactamase is i1nactivation. Under other
conditions, the B-lactamase can be totally inactivated only if [D]/fE]o >
(k+3 + k+4)/k+4. The final composition of the reaction mixture depends on
both the concentration of the penam and the [D]/[E]O ratio value. For
i
[D]/[E]0 & (k+3 + k+4)/k+4' the final mixture contains free enzyme, E-D
and hydrolyzed penam. For [D?/[E]0 > (k+3 + k+4)/k+4, the final mixture

contains E—di and both hydrolyzed and intact penam,
6-B-Iodopenicillinate has been used as a means to probe the active
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sites of 8-lactamases. In all cases, rearrangement of the acyl enzyme gi-
ves rise to a dihydrothiazine chromophore (16). But depending on the 8-
lactamases, the value of second-order rate comstant of enzyme acylation
varies from 1 x 106 M g7l ¢o 100 M ls7!, Moreover, k,5 may not be negli-
gible in which case complete enzyme inactivation requires high molar ra-
tios of 6-B-lodopenicillinate to emnzyme.

6-f-lodopenicillanate has also been used as a DD-peptidase labelling
reagent, Rearrangement of the acyl enzyme also gives rise to the dihydro~
thiazine chromophore. Though a weak acylating donor (k+2/K = 0,75 M_is_l),
6-g-iodopenicillinate has the advantage to form an adduct which is much
more stable than that formed by reaction with benzylpeniciliin.

4. STRUCTURE OF, AND EVOLUTIONARY RELATIONSHIP BETWEEN DD-PEPTIDASES AND
B-LACTAMASES

Advances have been made in three areas.

Gene cloning and sequencing {(and sometimes direct analysis of the ex-
pressed protelns) has given access to the primary structure of ten B-lac-
tamases (from plasmid pBR322, E.coli, Citrobacter freundii, Entercbacter
P99, Sailmonella typhimurium, Bacillus licheniformis, Bacillus cereus, Sta-
phylococcus aureus, Streptomyces albus G and Streptomyces cacaol) (17),
three DD-peptidase/PBPs of low molecular mass (from E.coli, B.subtilis and
Streptomyces R&1} (6,18) and four bifunctional PBPs of high molecular
mass, (PBPs 1A, 1B, 2 and 3 of E.coli) (19). The proteins or the penicil-
1in-binding (transpeptidase) domains of the bifunctional PBPs are 250~ to
350-amino acid polypeptide chains. Using a program which compares protein
sequences on the basis of the relative amino acid substitution frequencies
found among families of homologous proteins, some of these proteins {(or
domains} form pairs or groups which match very well with respect to the
amino acid sequences. However, when the pairs or groups thus defined are
compared to each other, the overall similarity becomes marginally signifi-
cant or vanishes.

Enzymic degradation of long-lived acyl enzymes formed with 8-lactam
compounds and analysis of the B-lactam-labeled peptide fragments has led
to the identification of the active-site serine residue. This serine resi-
due 1s always close to the amine terminus of the protein (at position 62
in the Streptomyces R61 DD-peptidase) or the penicillin-binding (transpep-
tidase) domain of the bifunctional PBPs. Moreover, in all cases, a lysine
residue occurs af the third position on the carboxyl side of the active-
site serine (Ser -Xaa-Xaa-Lys).

The exocellular DD-peptidase of Streptomyces R61 and several B-lacta-
mases have been crystallized. The tertiary structure and active site of
the DD-peptidase are known at 2 A resolution (20). X-ray analysis at 3.5 &
of the 8-lactamases of Bacillus licheniformis (20) and B.cereus (21)
(these two B-lactamases have highly homologous amino acid sequences) has
provided clear images of the polypeptide folding. Though the Streptomyces
DD-peptidase and the baccilus B-lactamases lack structural relatedness inm
the primary structure, they have very similar tertiary structures. They
contain eight helices and a B-sheet of five strands protected on the front
face by two helices and on the back face by another helix (Fig. 12). Mat-
ching of the helices and sheet strands between the three structures is 5o
great that it is impossible to argue against an evolutionary relationship.

Alignment of the primary structures (with appropriate deletions or
insertions) of the seventeen penicillin-recognizing enzymes for which the
data are avallable, generates boxes which contain identical and/or func-
tionally homologous residues (Fig. 13). These boxes occur at similar posi-
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Bacillus licheniformis Streptomyces R 61
B -lactamase DD-peptidase

FIGURE 12, Spatial disposition of secondary structures in the Bacillus
licheniformis f-lactamase and the Streptomyces R6l DD-peptidase. The eight
a helices (cylinders) are marked A through H. The B sheet (five strands)
1s protected by helices B and C on one face and by helix D on the other.
The active-site serine (star) is at the N-terminus of helix H. The active
site area is circled.
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FIGURE 13, Conserved boxes along the primary structures of penicillin-re-
cognizing enzymes. a) Streptomyces R61 DD-peptidase; b) enterobacterial
g-lactamases; c) B.licheniformis, B.cereus, pBR322 and S.aureus B-lactama-
ses; d) Streptomyces albus G B-lactamase; e) Streptomyces cacaol B-lacta-
mase; f) Salmonella typhimurium Oxa-2 B-lactamase; g) B.subtilis PBP5; h)
E.coli PBP5; 1) E.coll PBPlA; j) E.coll PBP1B; k) E.coli PBP2; 1) E.coli
PBP3. The boxes in 1 to 1 refer only to the penicillin-binding (transpep-
tidase) domains of the PEPs.
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tions along the amino acid sequences (22) and some of them are known to
occupy critical positions In the tertiary structure of the Streptomyces
DD-peptidase (23). It has been proposed (22) that this conserved pattern
probably expresses a common polypeptide scaffolding.

Assuming that hundreds, perhaps thousands, of different DD-peptidases
and B-lactamases occur in the bacterial world, the accumulated information
is still very limited. Yet, it has led to significant conclusions and al-
lows predictions to be made.

The B-lactamases, DD-peptidases and penicillin-binding/transpeptidase
domains of bifunctional PBPs have derived by divergent evolution from a
common ancestor gene that must have coded for an essential DD-transpepti-
dase. These enzymes offer an example of persistence of similarities be-
tween three-dimensional structures while i) the similarity between primary
structures has progressively disappeared as a function of the evolutionary
distance; and 11) the active sites have been modified to give rise to mul-
tiple penicillin-binding DD-peptidase of varying functionality and essen-
tiality and wmultiple penicillin-hydrolysing B-lactamases of varying anti-
B~lactam antiblotics spectra.

The tertiary arrangement of packed a-helices and B-strands shown in
Fig. 12 1s unprecedented. Though structural changes have occurred as the
sequences have diverged, the actlve-site serine DD-peptidase and B-lacta-—
mases form a very large family of enmzymes which are characterized by a si-
milar fold of the polypeptide chains.

Differences in the catalyzed reactions can, at least in part, be vie-
wed as the expression of the varilations seen in the amino acid composition
of some of the conserved boxes, As a corollary, these amino aclds are tar-
gets of choice to be studied by site-directed mutagemesis.

5. CATALYTIC MECHANISM OF THE S-LACTAMASES, DD-PEPTIDASES AND LL-PEPTIDA~
SES OF THE TRYPSIN FAMILY, AN UNIFIED VIEW

Understanding the established catalytic properties of an enzyme at
atomlic resolution can be approached only by cross-fertilization between
various disciplines and technologies : tertlary structure determination,
gene analysis and site-directed mutagenesis, molecular modelling and theo-
retical chemistry. As described above, recent advances in the field of the
Db-peptidases and B-lactamases have brought the goal closer.

The DD-peptidases and B-lactamases as well as the LL-peptidases of
the trypsin family catalyze rupture of a peptide (amide, ester) bond in a
carbonyl domor. Such a bond has a permanent dipole which confers a partial
positive charge on the carbonyl carbon atom. Bond rupture requires polari-
zation of the C=0 by an electrophile, attack of the carbonyl carbon atom
by a nucleophile and proton donation on the nitrogen (oxygen) atom. The
reaction as it 1s catalyzed by the active-site serinme LL-peptidases (and
using the numbering of chymotrypsin) is currently attributed to the con-
certed action between the comserved trlad Ser 195 .., Hist 57 ... Asp 102
acting as proton abstractor and donator and a pair of hydrogen bonds from
the backbone WH of Gly 193 and Ser 195 acting as electrophile,

The tertiairy structure of the penicillin-recognizing enzymes is not
known to a resolution that permits identification of the amino acid side
chains possibly invelved in catalysis in concert with the active-site se-
rine. But histidine 1s not a comserved residue and one histidine-free 8-
lactamase (from Streptomyces albus G) is known.

Since histidine is not always involved in enzyme-catalyzed rupture of
a peptide {amide, ester) bond, the role of the diad His 57 ... Asp 102 in
chymetrypsin has been addressed by theoretical studies (24). Ab initio
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calculations have led to an unified concept according to which the essen-
tial components of the catalytic machinery of the B-lactamases, DD-pepti-
dases and LL-peptidases are a serine residue, a polarizing agent and a wa-
ter molecule. This water molecule acts as the proton carrier while the
diad His 57 ... Asp 102, characteristic of the LL-peptidases, simply
orients the interacting system and is dispensable. The functioning of the
actlve-site serine B-lactamases, DD-peptlidases and LL-peptidases thus de-
pends only on the initial geometry of the Iinteracting system that 1s gene-
rated by the carbonyl donor bound to the enzyme active site. Depending on
the R and R' groups which flank the scissile bond (Fig. 14), the dihedral
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FIGURE 14. Proton shuttle during chymotrypsin-catalysed rupture of the
scissile bond of a susceptible amide carbonyl donor. TS = transition
state. A water molecule serves a proteln carrier. The diad His 57 ... Asp
102 simply serves in orienting the interacting system.
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angles o and 8 of the side chaim of the active-site serinme adopt varyinmg
orientations which greatly influence the polarization of the C=0 bond and,
consequently, the semse and ease of the proton shuttle. Under optimal geo-
metrical conditions, the whole interacting system rearranges itself in
such a way that enzyme acylation {(and enzyme deacylation) occur at high
rates without any significant energy barrier.

The above concept has a corollary., B~Lactam compounds may have donor
activity for the mammalian LL-peptidases (trypsin, chymotrypsin, elastase,
plasmin, thrombin) if their structures match the active sites. Assuming
that the LL-peptidases differ from the DD-peptidases in having endopepti-
dase versus carboxypeptldase activity and in preferring L versus D confi-
guration, cephalosporins have been wmodified accordingly and converted into
effective mechanism-based inactivators of the LL-peptidases (25). These
cephalosporins are 4' esters or amides and bear the acyl substituent im
the 7o position so that they better mimick the mammalian substrates. Inac-—
tivation occurs by generation of a stable acyl enzyme. Reaction 1 and
equations 2, 3 and 4 apply, -

In the case of porcine pancreatic elastase and as shown by refined
X-ray crystallography studies (25), the acyl enzyme formed with the long-
lasting inactivater 3-acetoxymethyl-7-a-chloro-3-cephem-4-carboxylate-1,1-
dioxide tert-butyl ester undergoes elimination of both the 7' chlorine and
the 3' substituent. In this case, His 57 rotates away from its normal po-
sition in the enzyme's active site and becomes exposed to the exocyclic
methylene, Slow alkylation of His 57 by Michael addition (tl/2 = 2 hours)
provides the acyl enzyme with a second covalent bond which is not subject
ot hydrolysis (or reversal by hydroxylamine). Thls particular cephalospo-
vin is a potent inactivator of the human leukocyte elastase. The value of
the second-order rate comstant of enzyme acylation 1s 161,000 M~ls~! (with
K= 1.8 x 1077 M and ke2 = 0.029 s71),

Hence, 45 years after the first use of penicillin as a drug, B-lactam
compounds — which so far have served thelr therapeutical role as antibac-
terial agents by inactivating the DD-peptidases - can now be remodelled to
attack other enzyme targets of great medical importance.
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