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ABSTRACT. f-Lactam antibiotics are generally thought to inhibit their target enzymes, the bacterial cell
wall-synthesizingpp-peptidases, because of their resemblancedtanylb-alanine peptides. Although a
favorable conformation of the latter does structurally resemblgstlaetams with respect to backbone
conformation, a significant difference is the presence miaethyl substituent on the penultimate alanine
residue of the cell wall peptide. A classi¢ghlactam antibiotic has a hydrogen in the corresponding position.

In the process of evolution of @&lactamase from ap-peptidase, it seems likely that tlhsmethyl group

would be selected against, to ensure that the former enzyme would hydsdlyziams rather than peptides.

In this paper, the effect of the penultimaiealanine residue (as opposed to a glycine residue) has been
examined in peptide substrates of a present-daypeptidase and &-lactamase. The peptides
N-(phenylacetyl)p-alanylo-phenylalanine andN-(phenylacetyl)glycyle-phenylalanine were used as a
test pair against thep-peptidase oStreptomyceR61 and the structurally very similar clasggdactamase

of Enterobacter cloaca®99. The kinetics of turnover of both of these substrates were determined for
both enzymes. To quantify the partitioning of the aeghzyme intermediate, the aminolysis by
D-phenylalanine of a cognate pair of depsipeptides was also studied. Thus, free-eraagipn coordinate
diagrams were constructed for turnover of both peptides by both enzymes. Comparison of these profiles
showed that the-methyl group is preferred over hydrogen by thepeptidase at all stages of catalysis
(acyl-enzyme and acylation and deacylation transition states), wheregsldoctamase selects against

the b-methyl group only at the peptide acylation transition state. A process of evolution by uniform
dissociation of the methyl group by tifelactamase has apparently occurred. These results were explored
structurally by computational models of the acylation tetrahedral intermediates. A methyl group pocket
on thepbp-peptidase, less favorable on tfidactamase, was identified. The interaction of the leaving
group, the terminab-alanine residue, with the two enzymes was interesting, since it seemed that different
positively charged active site residues were directly associated with the carboxylate, Lys 315 in the
p-lactamase and Arg 285 (rather than His 298) in the case abthgeptidase. The problems posed by
larger substituents on the penultimate residue of the peptide, and in particular by the heterocyclic substituent
present in a bicycli@-lactam, were analyzed. Qualitative and quantitative analysis of the models support
the proposed importance of the penultimatalanine inS-lactamase evolution.

The effectiveness ¢f-lactam antibiotics has been eroded by Tipper and StromingeB}, -lactamases are evolutionary
by a variety of resistance mechanisms that have been selectedescendents afb-peptidases.
for and then proliferated among bacterid).(The most A considerable amount of evidence, both functiorgl (
widespread and clinically important of these mechanisms is and structural, in support of this proposition has now ac-
that of 8-lactamase productior2). TheS-lactamase enzymes  cumulated. Crystallographic studies of these enzymes clearly
are exported by bacteria to catalyze the hydrolysis of demonstrate their similarity in tertiary structute7). The
p-lactams before the latter are able to reach their targets,active site functionality is also very similar such that it is
the transpeptidases op-peptidases that catalyze the final difficult to be sure at present whether an enzymens-@ep-
step of peptidoglycan biosynthesis. For some fifty years now, tidase orj3-lactamase, only on the basis of inspection of the
therefore, a goal of pharmaceutical companies has been tccatalytic residues of the active site. Discussions about the
developg-lactams that would avoid the-lactamase active  nature of the active site structural changes involved in the
site but acylate and inhibit thep-peptidase site. This task  evolution of g3-lactamase from ep-peptidase have included
has proved difficult however for a very good reason; the suggestions concerning the overall size and shape of the
active sites of these two classes of enzyme are very similar.active site §, 8) and about the positioning of hydrolytic water
This, in turn, can be readily understogétLactams must  molecules in it 9, 10), the latter presumably influenced by
obviously bind to both sites, and both sites catalyze acyl the former.
transfer reactions. Not surprisingly perhaps, as first suggested Another aspect of the question of the evolutionary process

arises from further consideration of the forces that must have
" This research was supported by the National Institutes of Health driven it. An early goal, selected for ftlactamase evolution,

(Grant Al-17986 to R.F.P.) and by the BAMA program of Wesleyan Would presumably be the loss of the enzyme’s ability to
University (N.J.B.). catalyze hydrolysis (Scheme 1) of cell waltalanylo-
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alanine peptideslj. It would not be profitable for a bacte-
rium to produce large amounts pflactamases fgf-lactam
resistance which also destroy the cell wall precursors.

The absence of a-methyl substituent at the penultimate
amino acid residue (i.e., at C-6) is characteristic of classical
p-lactams such as the penicillis
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Although 5-lactams are able to achieve a backbone confor-
mation resembling that af-Ala-p-Ala peptides {1), they
very strikingly lack this methyl group. Selection for the
absence of this methyl group would logically therefore be
an important aspect ¢f-lactamase evolution. This absence
of thep-methyl substituent iff-lactams was noted by Tipper
and Strominger, who suggested that-@rethylpenicillins
should therefore be effective antibioti.(This did not turn

out to be true 12), although 6e-methoxypenicillins and &
methoxycephalosporins (the cephamycins, e.g., cefoxitin)
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and there has been no attempt yet at the interpretation of
the effects of this substitution in terms of enzyme structure.
To directly address these issues, we have examined the
effect of thep-methyl substituent (vs hydrogen) on the free
energy of the acylation and deacylation transition states and
of the acyt-enzyme intermediate for turnover of a peptide
substrate by ap-peptidase and by a structurally similar
p-lactamase (Scheme 2, where EOH represents the enzyme
with its serine hydroxyl nucleophile at the active site). The
enzymes that were chosen were tirepeptidase ofStrep-
tomycesR61 and the class B-lactamase oEnterobacter
cloacaeP99, because crystal structures are available for both
(17, 18), and they have very similar active site structuse (
7). The peptides chosen for the kinetics studies vBeaad
4. To relate the free energy of the ae@nzyme intermediate
to that of the acylation transition state, the reverse reaction
of the enzyme acylation step of Scheme 2, i.e., the aminolysis
of the acyt-enzyme5 by p-phenylalanine, was studied. For
the latter experiments, the aeynzyme5 was generated
by reaction of the enzyme with the depsipeptideand 7
(Scheme 3). The chosam-peptidase ang-lactamase are
known to catalyze the hydrolysis and aminolysis by
phenylalanine of the depsipeptiée(19—22).
The data from these experiments were used to construct
free energy-reaction coordinate diagrams for hydrolysis of
3 and 4 by the pp-peptidase an@-lactamase in assessing
the comparative effect of the-methyl substituent on these
enzymes at all stages of catalysis. Molecular modeling
methods were then employed to help us understand the
structural basis of these energy profiles. The results provide
convincing evidence for the important role of this methyl
group inf-lactamase evolution.

were subsequently found to have considerable antibiotic EXPERIMENTAL PROCEDURES

activity (13). Other small 6e.-substituents have also proved
to be very effective in othef-lactam systems, e.g., in
carbapenems such as imipenehd)(

Materials. The f-lactamase ofE. cloacae P99 was
obtained from the Centre for Applied Microbiology and
Research (Porton Down, Wiltshire, U.K.) and used as

It seems likely, then, that the selection process leading to supplied. TheStreptomyceR61bp-peptidase was generously

f-lactamases with poap-peptidase activity, as present-day

supplied by J.-M. Fne of the University of Lige (Ligge,

B-lactamases indeed have, was correlated with selectionBelgium).m-[[(Phenylacetyl)glycylloxy]benzoic acid) and

against the-methyl substituentl(5). The preference for the
p-methyl substituent in acyclic peptide substratespof

peptidases has been notdd,(16). Further, it seems likely
that the inability of f-lactamases to efficiently catalyze

(phenylacetyl)glycybk-phenylalanine3) were available from

previous studies in this laborator21).
m-[[(Phenylacetyl)p-alanyl]loxy]benzoic Acid 7). This

compound was prepared in a manner completely analogous

peptide hydrolysis is probably expressed in the acylation stepto that used to obtai6 (19). Thus,p-alanine was acylated

of turnover §, 15). There is however at present no clear
quantitative data about the effectsminethyl substitution

with phenylacetyl chloride and the resulting (phenylacetyl)-
p-alanine condensed with-[(benzyloxy)carbonyl]phenol in

on the complete free energy pathway of turnover of peptidesthe presence of carbonyldiimidazole to give the benzyl ester

by app-peptidase in comparison with that bysdactamase,

of 7. The benzyl protecting group was removed by catalytic

Scheme 2
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hydrogenation to give the required product. This was concentration were performed and vice versa. The data were
recrystallized from 1/1 (v/v) aqueous ethanol, after which analyzed by nonlinear least-squares fitting to the appropriate

its melting point was 158161 °C and its'H NMR spectrum
was as anticipated [(GIEN) 6 1.49 (3H, dJ = 8 Hz, CH;),
3.63 (2H, s,CHyPh), 4.52 (1H, quint) = 8 Hz, CH), 7.2~
7.9 (9H, m, ArH)]. Anal. Calcd for gH17;NOs: C, 66.04;
H, 5.23; N, 4.28. Found: C, 66.35; H, 5.37; N, 4.14.
(Phenylacetylp-alanyl-o-phenylalanine4). This material

was prepared from (phenylacetghalanine, via its hydroxy-
succinimide ester, and-phenylalanine according to the

method of Anderson et al28). After recrystallization from
2/1 ethanol/water} had a melting point of 189191 °C and

aH NMR spectrum in accord with expectation [(DMSO-

dg) 6 1.15 (3H, d,J = 8.0 Hz, CH), 2.88, 3.02 (2H, ABX,
J=13.8, 8.5, 5.4 HZCH,CH), 3.41 (2H, AB,J = 14.8 Hz,
CH,Ph), 4.07 (1H, quint) = 8 Hz, CHCH), 4.37 (1H, dt,

J=8.5, 5.4 HZCHCHy), 7.1-7.3 (10H, m, ArH), 8.10 (1H,

d,J =8 Hz, NH), 8.14 (1H, dJ = 8 Hz, NH)]. Anal. Calcd

for CyH2oN2O4: C, 67.78; H, 6.25; N, 7.90. Found: C,

67.72; H, 6.28; N, 7.91.

rate equationZ1), as described in the Results and Discussion.

Peptide Hydrolysis Kineticd/alues ofk../Kn, for the hy-
drolysis of peptide8 and4 in the presence of the RGib-
peptidase were obtained spectrophotometrically by monitor-
ing the decrease in absorbance at 230 nhd&alue for4
was determined to be 700 Mcm™%; that for3 was assumed
to be the same, witB being such a poor substrate that only
initial rates could be measured). The concentratiorfsanfd
the enzyme were 0.45 mM and Qu®/, respectively; the
corresponding values fa8 were 0.40 mM and 1.8M,
respectively.

Very slow initial rates of hydrolysis 08 and 4 in the
presence of the P98-lactamase were estimated frotd
NMR experiments carried out in 50 mM sodium bicarbonate
buffer. Concentrations & and enzyme were 5 mM and 5.3
UM, respectively; the corresponding values4arere 5 mM
and 44.5M, respectively. To obtain the initial rates, spectra
were recorded afted h for 3 and after 24 h fo#,; the rates

Analytical MethodsAbsorption spectra and spectropho- were obtained from the areas of appropriate reactant and
tometric reaction rates were measured with Perkin-Elmer product peaks.
Lambda 4B and Hewlett-Packard 8453 spectrophotometers. The K, values for peptide hydrolysis by the P89ac-
The concentrations of stock enzyme solutions were obtainedtamase were obtained Ksvalues for3 and4 as inhibitors

using published extinction coefficient24, 25).
Steady-State Depsipeptide Hydrolysis Kinet#dkkinetics
runs were carried out in 1 mL samples at®5in a 20 mM

MOPS buffer (pH 7.5). Enzyme concentrations in the reac-

tion mixtures were approximately 50 nM. The P®%actam-

ase was diluted into buffer containing 1% BSA prior to final

of the hydrolysis of7. The requireck../Kn, values could then

be obtained from combination of these data with the initial

rates of peptide hydrolysis determined as described above.
Analysis of Products from Depsipeptide AminolyBisxd-

uct analyses of enzyme-catalyzed aminolysis reactions were

obtained from a HPLC method using a Rainin Rabbit-HPX

dilution into the reaction cuvette. Steady-state kinetic param- solvent delivering system, a Machery-Nagel Nucleosy C

eters were determined by the method of Wilkins26) from

column, and a Gilson HM/HPLC U¥vis detector. The

spectrophotometric initial velocity measurements. The wave- mobile phase used in the experiments witlwas 0.05 M

length employed for hydrolysis afwas 300 nm Ae = 940
M~tcm).

Depsipeptide Methanolysis KinetidGhese measurements

aqueous sodium dihydrogen phosphate containing 30% (by
volume) acetonitrile, adjusted to pH 3.5 with phosphoric acid.
In the case of6, the mobile phase was aqueous 0.05 M

were also made spectrophotometrically, as described abovesodium dihydrogen phosphate containing 15% (by volume)

Methanol concentrations were varied in the5 M range,

and fixed substrate concentrations of 6.0 and 5.0 mMbfor

acetonitrile, adjusted to pH 6.5 with sodium hydroxide.
Solutions of depsipeptide8 and 7 (9 mM) containing

and 7, respectively, were employed. The variation of the b-phenylalanine (540 mM) were prepared. Two 1 mL

initial rates of reaction 06 and7 with methanol concentra-

samples at each-Phe concentration (one control and one

tion was linear. Partition ratios of hydrolysis to methanolysis test sample) were temperature equilibrated at’@5 and

were determined from least-squares fits to the dat (

Depsipeptide Aminolysis KineticsSpectrophotometric

enzyme was added to the test samples to initiate the reaction.
Enzyme (R61bbp-peptidase) concentrations were 0.09 and

measurements as described above were also used to obtaif.02uM for 6 and7, respectively. The 40 mM-Phe sample

initial rates of reaction o6 and7 in the presence of the

amineb-phenylalanine. Experiments where tvhenylala-

was monitored spectrophotometrically until 10% of the
reaction was complete. At that point, 100 aliquots were

nine concentration was varied at a constant depsipeptideremoved from each sample, both control and experimental.
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Table 1: Empirical Rate Parameters for Depsipeptide Hydrolysis and Aminolysis

P99p-lactamase

R6MbDp-peptidase

6 7 6 7

Keat (S0 125+ 4 69+ 3 1.5+ 0.1° 22.2+0.6

K (MM) 0.234 0.02 2.5+ 0.4 0.8+ 0.1° 1.0+£0.1
KealKim (572 M) (5.4+ 0.5) x 10° (2.8+0.4) x 10° (2.0 0.3) x 10% (2.3+£0.3) x 10
B (M) 1400+ 400 25+ 7 230+ 60 110+ 30

F (M) 0 80+ 30 0 30+ 20

J(MY <50 109+ 6 41+ 4 5249

aTaken from ref21. b Taken from ref22.

These aliquots were quenched in an equal volume ofinto the peptide tetrahedral intermediate by means of the

acetonitrile containing 5 mM hydrocinnamic acid and 3 mM
salicylic acid for6 and7, respectively.

Builder module of INSIGHT Il. MNDO charges were
employed for the peptide-derived ligand, while charges on

Aliquots (15uL) of each quenched sample were passed the protein were assigned by INSIGHT Il. Crystallographic

through the HPLC column at a flow rate of 1.5 mL/min with

water molecules were retained. The enzymeptide com-

the detector set at 215 nm. Each sample, control and testplex was then hydrated by a 15 A sphere of water centered

was run at least twice. Products of the reactioi bad reten-
tion times of 6.9 min [(phenylacetyh-alanine] and 31.9

at the active site serine,OLikely conformations of the side
chain and leaving group were then assessed from the results

min (4), and the internal standard, salicyclic acid, had a reten- of molecular dynamics runs of up to 40 ps at temperatures

tion time of 9.75 min. For the reaction 6f retention times
were 4.5 min [(phenylacetyl)glycine], 79.3 mig)(and 11.1

of 300 and 1000 K. A CV force field within the Discover
program (version 2.98) was employed for all simulations and

min (hydrocinnamic acid, internal standard). The hydrolysis energy calculations. During the dynamics runs, the ligand,
and aminolysis peak areas were normalized against the interwater, and the following residues were permitted to move:
nal standard in each case and converted into product ratiosSer 64, Lys 67, Tyr 150, Asn 152, and Lys 315. In these

Construction of Free Energy Diagrams for Peptide Hy-
drolysis.The overall free energy change for hydrolysis3of
and4 was taken to be-3.1 kcal/mol 7). This value is that
for hydrolysis of benzoylglycylglycine at pH-3 which

calculations, Lys 67 and Lys 315 were cationic, Tyr 150

was neutral, and the tetrahedral intermediate was dianionic
(carboxylate and oxyanion). An 8 ps dynamics run at 300
K, where the entire system was allowed to move, did not

yields benzoylglycine and glycine. Changes from glycine to reveal any further ligand conformations or interactions

alanine do not appear to significanti@.2 kcal/mol) affect
the values of free energies of peptide hydroly&g)(The

between ligand and protein. Significantly populated confor-
mations were chosen from these runs, and the energy of each

free energy of the products was then set at zero in thewas minimized in the CV force field by means of 1000 steps
diagrams. Two transition states, one for enzyme acylation by the method of steepest descents followed by 2000 steps

and the other deacylation, and the aeghzyme intermediate

of conjugate gradients. In this minimization procedure, the

were then added. Second-order rate constants (and thus freentire system, protein, ligand, and water, was freed from

energies of activation from eq 1, wheke is the pseudo-
first-order rate constant for the relevant stegkTth = 29.46,
andRT= 0.592 kcal/mol) for enzyme acylation by a peptide
(Keal Km for peptide hydrolysis)

h
AG" = —RTlnE

KT @)

and reaction of the acylenzyme intermediate with both the
amine p-phenylalanine Ky/K;) and water K¢/[H,O]) were

constraint. The final derivative of energy with respect to
structural perturbation was then in the range of 8:0D3
kcal/A. Bond distances and interaction energies, including
those of all nonbonded interactions, could then be obtained
directly from the minimized structures by means of the
Discover program. Residues included in g calculations
(28) were those mentioned above and also Thr 316, Gly 317,
and Ser 318.

The R61pp-peptidase computations were similarly per-
formed where the initial structure (including crystallographic

available (these rate constants are those of Schemes 5 angater) was derived from that of a cephalothin complex of the
6; see below). These were sufficient to fix the positions of gnzyme (PDB file 1ced). Residues involved in the energy
both transition states and the intermediate with respect tocg|cylations were Ser 62, Lys 65, Tyr 159, Asn 161, Arg

the reactant and product ground states. All concentrationspgs His 298, Thr 299, Gly 300, and Thr 301. In these calcu-

were arbitrarily taken tod 1 M in these calculations for

lations, Lys 65, Arg 285, and His 298 were cationic, Tyr 159

convenience. The relative sizes of the various activation a5 neutral, and the tetrahedral intermediate was dianionic.

energy barriers for3 and 4 with a given enzyme are

independent of the assumed (constant) concentrations ofRESULTS AND DISCUSSION

peptide and amine.

Computational MethodsThe computations were set up
essentially as previously describe2B) and run on an IBM
3CT computer with INSIGHT Il 97.0 (Biosym/MSI, San
Diego, CA). The starting point for the P98lactamase

The steady-state rate parameters for hydrolysis of the
depsipeptide$ and7 by the P99s-lactamase and the R61
DD-peptidase are shown in Table 1. Previous work in this
laboratory has established that Scheme 4 is sufficient for
explaining the hydrolysis of depsipeptides by these enzymes

structural simulations was the crystal structure of the enzyme (19, 21, 22). The participation of the alternative nucleophile
with a phosphonate inhibitor covalently attached to the active methanol is also shown. In Scheme 4, ES represents the non-

site serine residue (PDB file 1bI®9). This was transformed

covalent Michaelis complex of enzyme and depsipeptide,
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Scheme 4 .
H,0 P, sl A
k3
k>
E+S ES—>—> E-S v/Eo
Ky P, ke (1) 5
MeOH ™ b oMe
Kok, k
Kear = K, =K 3 10 . | . .
ky + ks ks + ks 0 10 20 30 40 50

D-Phenylalanine Concentration (mM)

E—S the covalent acylenzyme intermediate ; Bhe initially

released product (m-hydroxybenzoate)ite carboxylic acid 40+ B ° o ® ¢

hydrolysis product, and,FOMe, released in the presence of 30t '

methanol, the methyl ester of.P V/EQ ®
Methanolysis kinetics, where the effect of methanol (s1) 7 =

concentration ork., was determined, have indicated that
under conditions of substrate saturation, enzyme deacylation
is rate-determining for turnover @&fby the P993-lactamase; 0 o 2' ; ('3 é
i.e., Keat = k3 (19, 20, 21). Similarly, methanol (6-1.5 M) Depsipeptide 7 Concentration (mM)
was observed to linearly accelerate the hydrolysigwhen

catalyzed by the P98-lactamase (data not shown). Presum-

ably, ket = ks in this case also. The extent of methanol os} C .
acceleration yielded &y/k; value of 25.9+ 1.2, which is 06 L +

similar to the value of this ratio fo8, viz. 28.1+ 1.2 (20). f

Methanol (6-2.5 M) did not unambiguously increase the 06 -

rate of reaction of eithe® or 7 in the presence of the R61 02 L

pp-peptidase. Nor did a significant amount of methanolysis

of 4 occur in the presence of 2.5 M methanol, as indicated %5 10 2 %0 20
by a'H NMR experiment {9). Methanolysis experiments D-Phenylalanine Concentration (mM)

therefore are uninformative with regard to the meaning of . . .
9 9 Ficure 1: (A) Initial rates of total reaction (hydrolysis and

keat for the R61DD-peptidase. Apparently, methanol is less aminolysis) of the depsipeptid@ (9 mM) in the presence of

able to productively replace water at the active site of the p_phenylalanine and the Réb-peptidase. (B) Initial rates of total
R61pp-peptidase than at that of tifelactamase. Nonethe-  reaction (hydrolysis and aminolysis) of the depsipeptide in the

less, ke for the R61 enzyme (and for the P@dactamase)  presence ob-phenylalanine (20 mM) and the R&ib-peptidase.

is increased bp-phenylalanine (see below) in an aminolysis  (€) Fractu;ntr?f 3m|nplys? d%r?gUCIM%”T'“%hthe initial stagbes of
. . . reaction o € aepsipept m In € presence oOb-

reaction, an observgu_on that certamly _sugges.,ts.that deacy'phenylalanine and the Rai-peptidase.

lation is rate-determining undé&g,; conditions. Similar data

with other combinations of ester substrates and amine Scheme 5

nucleophiles with this enzyme have also been interpreted in ky[D] ks K
this way @0, 31). It will therefore be assumed in all that ED, == EDD; T’ E-DD, —— ED;+H
follows, for both enzymes and both substratand?, that olx, ) o]l x, P ol
Keat = ks (i.€., ks = 0.1k;) and thusKp, = Keka/ko. :
IH NMR studies showed that reaction 6fand 7 in the E 4[] ED, ks E-D, —e—» E+H
presence ob-phenylalanine and either enzyme yielded a ke ;
mixture of hydrolysis and aminolysis products. In all cases, P A r“:
the initial rates ofn-hydroxybenzoate formation also increase E-D,A ks E+Q

with p-phenylalanine concentration. Representative data for

7 with thepo-peptidase are given in Figure 1. Similar obser- 1 hygrolysis products P and H, while the former may also
vations have been previously made for both enzymes with \yin4 ap-amino acid A and proceed to aminolysis products

various subst_rateQ(), 30, 31)._Data for_the _P9$3-Iactamase P and Q. The symmetry of rate constants is required to
and6 are available from earlier work in this laborato&4j. explain the simple hydrolysis kinetics of Scheme3P)(

Analysis. of the effect of substrate gmﬂphenylalanine Scheme 5 vields the steady-state rate equation (e81}) (
concentrations on the rates of reaction and on product

distribution in the case o and the P9%-lactamase led to  »/E, =

Scheme 571, 32). The rate constants in this scheme are

numbered differently from those in Scheme 4 but are in Keal K1+ [DDID] + keal;BIAID]
accord with our previous usag@l( 32); all rate constants KKy, + (K; + K)[D] + [D]2 + KK ,B[A] + C[A][D]
mentioned below refer to Scheme 5 and the derived Schemes 2)
6 and 7. In this scheme, EDepresents the noncovalent

Michaelis complex of enzyme and depsipeptide. Both free wherekss [=ksks(ks + ks)] and K, [=ksks/(ks + ke)] are the
enzyme, E, and EDalso bind D at a second site, leading to steady-state parameters for hydrolysis (TableBly ks
ED, and EDQD,, respectively. Both Epand EDQD, proceed ksKz2, andC = Ky(ks + ks)/Ka(ks + Ke).
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Scheme 6
ky[D] ks ke
ED, " ED,D, E-D,D,—— ED,+H
D K] D Kl P D K]
ky(D] ks E-D ke E+H
ED - > +
Ky ! ; !
P All &,
k3
E-DIA—> E+Q
EA +H
Scheme 7
K ke
E+Q EQ E-DA E-D,—/> E+H
Kg k.3

k7

EA+H

Since plots of initial rates versus depsipeptide concentra-
tion (e.g., Figure 1B) showed no sign of a decrease in rate
at high D concentrations, it will be assumed tKat> [D]
at all D concentrations that were employed. This should be
an acceptable approximation but perhaps not a very good
one. It certainly would not be a good approximation in the
case of6 with the P995-lactamaseZ0, 21) where the effect
of the [DJ? term in the denominator of eq 2 is discernible at
[D] values below 9 mM. The latter concentration was the
highest employed in this work because of the limited solu-
bility of 7. In any event, given the assumption th&t >
[D] (and thereforeK; > Ky), eq 2 can be reduced to eq 3

Koad D]
Km + [DI(1 + JAD/(1 + B[A])]

VIE, = @)

whereJ = C/K; = (ks + ks)/Ka(ks + k). The fraction of
aminolysis product Q formed at constant depsipeptide
concentration as a function @Fphenylalanine ([A]) con-
centration can be obtained directly from eq 3 and is given
by eq 4. The parametd (ks/ksK2) represents the partition
ratio of ED; between aminolysis and hydrolysis, and, as seen
from eq 4, is the slope of a plot dfversus [A] at low A
concentrations. Also, according to eq 4,

[Q] B[A]

“H+Q 1teA

(4)

f should approach 1.0 (total aminolysis) at high A concentra-
tions. Inspection of the experimentally determined plots of

Bernstein and Pratt

f versus [A] (e.g., Figure 1C) suggested that this is not true
for the p-lactamase and/, and probably not for the
pb-peptidase and either. Consequently, Scheme 5 and eq
3 cannot be complete representations of the reactions
occurring in these cases. Apparently, even at saturating A
concentrations, a significant amount of depsipeptide is
hydrolyzed rather than aminolyzed. Scheme 6 and the derived
(with the assumptions used to derive eq 3) eq 5 are able to
accommodate this result and represent a more general
situation than that of Scheme 5 and eq 3.

. keofD)
v Kn + [DII(1 + JAD/(1 + B[A] + F[A])]

(5)

In eq 5,F = ki/ksK,, the partition ratio of ER favoring
hydrolysis through ED;A. The fraction of aminolysis is
then given by eq 6, which predicts, as apparently required
by the data in the instances noted above, thtl increase
with [A] to a value of <1.0, viz.B/(B + F), at saturating A
concentrations. The reaction 6fwith both enzymes led to

f values that could not be distinguished from unity, and thus,
in these casek; < ks.

BIA]

T 1+ (B+PA] ()

It should be noted that Jamin et a1} also required an
amine-dependent hydrolysis pathway in fitting their data for
the R61pp-peptidase-catalyzed hydrolysis of a thioester
substrate. Their data however appeared to require the binding
of a second thioester molecule te-BA prior to hydrolysis.
Although such a quaternary complex was not observed in
the kinetics of hydrolysis o6 by the P993-lactamase, it
might occur in the present cases, in which cBseould be
a function of [D]. Since analysis df was not one of the
goals of the this paper, however, distinction between Scheme
6 and the scheme of Jamin et a1y will not be further
pursued here.

The fitting of eqs 5 and 6 to the aminolysis data, e.g., as
shown in Figure 1, led to the empirical parametBrsF,
andJ presented in Table 1. These, from the expressions for
B, F, andJ given above, lead to the kinetic constants of
Scheme 6 presented in Table 2.

Kinetic studies of peptide hydrolysis led ke,/Kr values
of 2.0 and 0.12 s M~ for 3 and4 in the presence of the
P99 S-lactamase and 0.34 and 40'$M ! in the presence
of the R61bD-peptidase, respectively. These were interpreted
in terms of Scheme 7 where the majority of the symbols are
those used in Scheme K; is omitted since, under steady-
state initial rate conditions, an aeynzyme intermediate

Table 2: Derived Rate Parameters for Depsipeptide Hydrolysis and Amirfolysis

P99-lactamase

R6bD-peptidase

6 7 6 7
ks (571 125+ 4 69+ 3 1.5+0.1 222+ 0.6
ke/Ka (STMY) (5.4+ 0.5) x 10° (2.84+ 0.4) x 10° (2.0+0.3) x 10° (2.3+0.3) x 10
k/Ka (s1M~1) (1.84+ 0.5) x 10° (1.7+0.5) x 103 (3.5+0.9) x 107 (2.5+0.6) x 10°
kilKz (1 M~1) 0 (5+2) x 10° 0 (64 4) x 1?
ks (s°1) >1000 16+ 4 9+2 49+ 15
ks (s7Y) 0 50+ 30 0 12+ 8
Kz (MM) =6 9+ 4 24+ 9 19+ 7

a2 The rate coustants in this table refer to Scheme 6.
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26.8 A 25.1
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FIGURE 3: Free energyreaction coordinate diagrams for reactions
FiIGURE 2: Free energyreaction coordinate diagrams for reactions  of the peptide# (A) and 3 (B) in the presence af-phenylalanine

of the enzymes, the R6dp-peptidase (A) and P98-lactamase and water (1 M each) and each enzyme, the R#:tamase (solid
(B), in the presence af-phenylalanine and water (1 M each) and lines) and the R6Dbp-peptidase (dashed lines). These diagrams
each peptide3 (solid lines) and4 (dashed lines). These diagrams represent comparisons between the two enzymes with a fixed
represent comparisons between the two substrates with a fixedsubstrate.

enzyme.

does not accumulate during peptide hydrolysis, ile.,H the R61pp-peptidase is clearly ep-peptidase, its actual in
ksK2) > ks. A noncovalent complex of enzyme and peptide, Vivo role does not seem to be known; it is, unusually for a
EQ, has been included. In terms of Scheme /K, for DD-peptidase, apparently not membrane-bound in vivo, but
peptide hydrolysis would represekts/Ks. is excreted into the extracellular medium. The profiles of

Free Energy ProfilesGiven the above-described rate Figure 2 suggest that deacylation would be rate-determining
constants, the free energy profiles of Figures 2 and 3 for with respect to the turnover of peptides, but that is a
peptide hydrolysis were constructed as described in Experi-consequence of the assumed concentrations. At lower
mental Procedures. These profiles will be considered in turn concentrations of peptide and amine and a higher concentra-
below. As drawn, the profiles indicate that in all cases, tion of water, acylation would in fact be rate-determining,
p-phenylalanine is a better nucleophile for deacylation of as observed at a saturating peptide concentration, zero initial
the acyl-enzyme intermediate than is water. This result amine concentration, and 55.5 M water. Differential effects
would of course be strongly influenced by the relative however do not vary with concentration, as long as the same
concentrations of water and amine nucleophile. In free concentration is chosen for both sides of the comparison.
aqueous solution, hydrolysis often competes strongly with  First, the profile for turnover of the peptides by the R61
aminolysis (Figure 1C), but in vivo, whereom-peptidase pb-peptidase (Figure 2A) reveals a clear preference for the
active site would presumably be found directly adjacent to p-alanine peptidd at all stages of catalysis sampled in these
the growing cell wall, the competition may well favor experiments. This suggests uniform occupancy of the active

aminolysis. The noncovalent binding ofamino acid nu- site along the reaction coordinate by the methyl group, and
cleophiles is weak for both enzymes [Table34,(32)], but an enzyme firmly evolved to prefer a penultimatalanine
this too may not be important in vivo for the same essentially rather than glycine residue in the substrate.

entropic reason. It is interesting that thealanyl, but not On the other hand, the P98lactamase profile (Figure

the glycyl, substrates allow water to leak into acghzyme 2B) indicates a specific effect at one point along the reaction
intermediate-amine complexes and cause substrate hydroly- coordinate. A glycine peptide is preferred (or, perhaps more
sis, i.e., the existence of the5;A — EA + H step in importantly, alanine is disfavored) in the acylation step, while
Scheme 6 for the-alanyl substrates (ség values in Table alanine is preferred at the aeygénzyme stage and during

2). One could speculate that this would be useful in allowing deacylation. This suggests an enzyme that has been subjected
peptide hydrolysis (thereby limiting cell wall cross-linking) to selective pressure to rejastalanine substrates as much

in the presence of an adjacent, and difficult to dissociate, as possible at the first step, before any covalent reaction
amine nucleophile, as again might be present in the in vivo occurs. No further selective pressure however seems to have
situation. It should probably be mentioned here that although been applied to influence the fate of the peptide after
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acylation, and deacylation would occur essentially as rapidly were subjected to energy minimization. In general, two
for ap-alanyl peptide as a glycyl. Selective destabilization classes of ligand conformation appeared to be populated
of thep-alanyl acyt-enzyme intermediate, which would lead during these simulations, representing those with mhe
to more facile reformation of the peptide and, possibly, more methyl (or hydrogen) substituent of the penultimadglanine
rapid deacylation, has not occurred. It seems likely that the (glycine) residue directed either into the enzyme (conforma-
presence of the leaving group as well as the methyl group istion A; see Figure 4A, for example) or out, more toward
required to bring about the observed differential effect in solvent (conformation B; see Figure 5A, for example). These
the acylation transition state. The glycine preference in two conformations are characterized by Ser-Giwe—Cy—R
acylation of course can be seen to correlate with the dihedral angles (se®) of from 40-60° and around-60°,
specificity of the enzyme for -amido -lactams 8, 4). respectively. The most populated conformations of the
Alternatively, the results can be assessed by a comple-leaving group were those where the carboxylate interacted
mentary set of comparisons. Figure 3A shows the free energywith the side chains of two active site residues, one cationic,
profiles for turnover of theo-alanine-containing peptidé Lys 315 and Arg 285 in the P98lactamase and R6db-
by the two enzymes. The interaction with the-peptidase peptidase, respectively, and the other neutral, Thr 316 and
appears stronger at all three points of the reaction coordinatethe homologous Thr 299 in the two enzymes, respectively.
that were sampled. If one were to imagine evolution of the The energy-minimized structures which yielded the strongest
pB-lactamase from thep-peptidase, then a mechanism of interactions between peptide ligand and enzyme [as indicated
uniform dissociation by the3-lactamase [the inverse of by the Ep parameter which takes into account direct
uniform binding, the term of Albery and Knowle83) for enzyme-ligand interactions as well as enzymenzyme and
positive selection] has been approximated. Figure 3B, the ligand—ligand interactionsZ8)] for each of the combinations
corresponding plot for the glycine substrate, exhibits the of enzyme and ligand are shown in Figures 4 and 5, the
differential effect whereby acylation of th&lactamase is  former for the R61bp-peptidase and the latter for the P99
favored over that of thep-peptidase. pB-lactamasedEi values for these conformations are pre-
These results therefore tend to confirm earlier indications sented in Table 3.
(5, 15) that the major selectivity for or against the methyl First, thepp-peptidase situation will be discussed. Figure
group of p-alanyl peptide substrates would occur in the 4 shows that the conformations of both thealanyl and
acylation transition state. The presence of the leaving groupglycyl ligands most strongly interacting with the enzyme
must be an important factor in this process. adopt the same conformation (A) of the penultimate residue
Finally, in consideration of the data in Table 2, comparison and the structures are very similar. Hydrogen-bonding
of thepb-methyl group effect on depsipeptide hydrolysis with interactions in particular are essentially identical. These
that on peptide hydrolysis might be made. Previous resultsinclude occupation by the tetrahedral oxyanion of the
suggest that the effect on depsipeptide hydrolysis may beoxyanion hole (Ser 62 NH and Thr 301 NH), interaction of
smaller than that on peptide hydrolysE5). This point is Lys 65 and Tyr 159 with Ser (Jboth of these interactions
not so obvious with the present compounds, wherepthe are also present in the original phosphonate transition-state
peptidase has a clear preference for thalanine substrate  analogue crystal structurgq)], and interaction of the leaving
7, both in kea; and in kea/Km, and in keafKy, at least, the  group carboxylate with Arg 285 and Thr 299. The former
p-lactamase has a clear preference for the glycine derivativeof these carboxylate interactions is interesting in comparison
6. It seems likely that these distinctions may be leaving with the situation with thegs-lactamase (see below) where
group-dependent (as concluded above for peptide hydrolysis)the cognate interaction of the carboxylate is with Lys 315.
A side chain dependence has already been ndtgd ( The sequence analogue of the latter residue indhe
Structural InterpretationTo understand the structural basis peptidase would appear to be His 298, but the side chain of
of the penultimatep-alanine methyl group, as revealed in this residue is shorter than that of lysine and apparently is
the above kinetic data, computational models of the tetra- therefore less able to directly interact with the leaving group
hedral intermediates), involved in the acylation of the two  carboxylate. The place of the Lys 315 catiorfifactamases
enzymes by-alanyl and glycyl peptides, were constructed. is apparently taken by Arg 285 in the R6t-peptidase. His
298, in the protonated form, would still provide positive
charge to the active site that could help stabilize the oxyanion
intermediate [energies for interaction between Arg 285 and
His 298 and the-alanyl ligand (excluding the leaving group)

~ were calculated to be-101.6 and—62.8 kcal/mol, respec-
NH Z tively]. Mutation of His 298 to a neutral residue considerably
% reduces the rate of acylation of the enzyme by peptides and
coy B-lactams 84).
82 R=H The calculated energies (Table 3) show thatdkedanyl
8b R =CH,4 ligand does interact more strongly with the active site than

does the glycyl analogue, in agreement with the experimental
p-Alanine rather tharp-phenylalanine was chosen as the results. The calculated difference is quite small, however
leaving group to reduce the number of conformational (although comparable to the experimental result), and cannot
possibilities. It is clear that the methyl effect is also observed be attributed to interaction of the ligand with any particular
in terminal p-alanine peptides16, 16). The most likely active site residue. It is interesting to note however that if
conformations of side chain and leaving groups were assessedyr 159 is constrained to strongly hydrogen bond with the
from molecular dynamics runs, and typical snapshots of theseamine nitrogen of the leaving group [as would occur in
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Ficure 4: (A) Optimized tetrahedral intermediate structure formed on interaction of theBR@&ptidase wittN-(phenylacetyl)p-alanyl-
p-alanine. (B) The analogous structure for the R&ipeptidase antN-(phenylacetyl)glycyb-alanine. In both diagrams, the fainter lines
represent possible hydrogen bonds (heavy atom distance8.6fA). Hydrogen atoms are only shown on thearbon and methyl group
of the penultimate residue.

general acid-catalyzed breakdown of the tetrahedral inter- compound and the active site than with the glycyl compound.
mediate, as most proposed mechanisms envis2@9)], The calculated difference might be reduced by the hydro-
the energetic preference foralanine, as measured bB¥in, phobic effect to a value closer to the experimental value.
increased. The hydrophobic effect, most of which is not These results therefore also seem to be in good accord with
included in these calculations, could also contribute to the experiment.
preference fop-alanine of anything up to a few kilocalories An interesting question is why thlealanyl compound does
per mole 86). not take up conformation A with the methyl group directed
In contrast to the situation of thep-peptidase, Figure 5 into the f-lactamase, which was found to be its optimal
shows that for thes-lactamase, the strongest-interacting position in theob-peptidase. To understand the issues relating
conformation is different for the-alanyl and glycyl com-  to this question, @-methyl group was added to the glycyl
pounds, with the latter preferring conformation A and the structure in the minimized position, and energy minimization
former B. The glycyl compound (Figure 5B) seems nicely of the resulting structure was carried out in the usual way.
hydrogen-bonded into the active site in a fashion similar to The methyl group did not move into conformation B during
that seen with theop-peptidase. The carboxylate of the the minimization procedure, and the Sej~@w—Cy—R
leaving group is hydrogen-bonded to the side chains of Lys dihedral angle only changed from 40.3 to 48.6he
315 and Thr 316. The situation of thealanyl derivative interaction energy however was considerably less favorable
(Figure 5A) seems to be less optimal however. The position than in the optimab-alanyl position §Ei, = 17.1 kcal/mol,
of the penultimat®-alanine methyl group appears to prevent cf. 9.3 kcal/mol).
the amido group of the side chain from taking its normal A crucial point involved the position of the-methyl
conformation where hydrogen bonding to Ser 318 NH and group, which, as can be seen in Figure 6, is in van der Waals
the Asn 152 side chain NH is possible. The methyl group contact with the side chain of Tyr 221. It seems likely that
may also prevent the catalytic Tyr 150 hydroxyl group from this steric interaction precludes thealanyl compound from
easily hydrogen bonding to Ser 62 @ to the leaving group  fitting productively into the active site of thé-lactamase.
nitrogen; Tyr 150 in the minimized structure is only Tyr 221 lies on a small helix at one end of the broad loop
hydrogen-bonded to the leaving group carboxylate, probably beneath the active sitdT). There is no such problem with
not a catalytically productive position. In terms of energy, the methyl group in the R6tp-peptidase since the closest
the 0E;¢ value (Table 3) supports the visual impression, and residue (Trp 233) is further away. The methyl group in
suggests a much weaker interaction betweenoHadanyl conformation A in thes-lactamase, jammed up against Tyr
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ASN A152

Ficure 5: (A) Optimized tetrahedral intermediate structure formed on interaction of thgf@8amase witiN-(phenylacetyl)p-alanyl-
p-alanine. (B) The analogous structure for the Pdactamase anil-(phenylacetyl)glycyb-alanine. Likely hydrogen bonds are represented
as they are in Figure 4. Hydrogen atoms are only shown omtbarbon and methyl group of the penultimate residue.

Table 3: Energies for Interaction between Tetrahedral Intermediate Of the glycyl peptide to inhibitory3-lactams §, 4) which
Ligands8 and the Enzyme Active Sites the enzyme should attack as slowly as possible for the

OEm (kcal/moly bacterium to survive. It is observed that this preference for
p-alanine is even greater in substrates with side chains closer

R P99p-lactamase R6to-peptidase in structure to bacterial cell wall peptides, eN,\'-diacetyl-
hHAe 8 5 _22 L-lysyl-p-alanyl derivatives 15), where further specific

interactions of the substrate with the active site are possible.

; : A cooperative “zippering” effect of the latter may enhance
the P993-lactamase and the R&b-peptidase, respectively; the larger - -
value for the latter largely reflects the inclusion of an additional th,e free energy of mteracugn of thealanyl methyl grOUP
positively charged residue, Arg 285, in the calculation (see the text). With the enzymed7). Evolution of af-lactamase from this
DD-peptidase, or rather, from an ancestor of it, has involved
Idiscrimination against the-alanyl peptide at the acylation

a Ej values when R was H were361.3 and—534.7 kcal/mol for

221, appears to push the phenylacetamido side chain furthe d ~ | . .
out of the active site. Energies for the interaction between step, to reduce to a minimum any cova ent '”te“"?C“O”
the ligand and both the oxyanion hole and lysines 67 and between the3-lactamase and bacterial cell wall peptides.

315 are smaller than for the glycyl compound whose Conversely, the reactivity for glycyl peptides, and thus
positioning in the A conformation is not impeded by /£-1actams, has been selected for.

interaction with Tyr 221. The structural basis for these kinetic results has been
General Discussion and Conclusioridhe kinetic results  investigated by molecular modeling of the tetrahedral
for peptide hydrolysis (Figure 2) indicate that the- intermediate ofN-(phenylacetyl)s-alanyl/glycyl-p-alanine

peptidase prefers a-alanyl substrate to glycyl at each of hydrolysis. Although a clear and simple interpretation of the
the kinetically significant points on the free energy profile, preference for the-alanyl peptide by thep-peptidase was
the acyl-enzyme and the acylation and deacylation transition not evident on inspection of the energy-minimized models
states. This is a vital distinction for thep-peptidase, not  (see below, however), energy calculations did favor this
because there are glycyl peptides available in vivo againstsubstrate. On the other hand, the structural basis for the
which it must discriminate, but because of the resemblance preference of a glycyl substate by thdactamase was much



A Methyl Group ing-Lactamase Evolution Biochemistry, Vol. 38, No. 32, 19990509

TYR A221

FIGURE 6: Interaction between the methyl group of the penultintatdanine residue of-(phenylacetyl)p-alanylb-alanine and Tyr 221

of the P993-lactamase in the energy-minimized tetrahedral intermediate structure with the ligand in the energetically disfavored conformation
A (see the text). Hydrogen atoms are only displayed orpthéanyl methyl group and thé-methylene group of Tyr 221; van der Waals
surfaces of these hydrogen atoms are represented by the dotted spheres.

SER 62
62

Ficure 7: Conformation of the ligand in complexes of the Réitpeptidase with the tetrahedral intermediate generatedf-gphenylacetyl)-
p-alanylp-alanine (taken from Figure 4B and shown on the right) and the-amytyme intermediate generated from the reaction with
cephalothin [taken from the crystal structug® énd shown on the left]. Hydrogen atoms are shown only omtharbon and methyl group

in the former case and on thecarbon in the latter.

clearer. Steric hindrance by Tyr 221, at the C-terminus of in the crystal structure of the inert aeynzyme complex
the Q loop (17), precluded optimal binding of the-alanyl of cephalothin and the R6Dbbp-peptidase (Figure 7)],
tetrahedral intermediate. A direct analogue of this residue is however, could well interfere with deacylation, as observed
not present in theb-peptidase. It would be interesting to in the action off3-lactams as antibiotics. The other conse-
see if a Tyr 221 Gly mutant of thé-lactamase would have  quence of the difference between conformations A and B is
enhanced-Ala peptidase activity. that the amido side chains are aligned differently (Figure
In neither enzyme would e-substituent much larger than 7). This has been proposed earlier on the basis of substrate
methyl be easily accommodated pralanine-favored con-  specificity studies and conformational analysi§, 40, 41).
formation A. It is known that such substrates are hydrolyzed The observation of the different specificities of nucleophiles
only very slowly by the R6Dp-peptidase 16, 38). Penul- toward acyl enzymes of the R&b-peptidase generated from
timateL-amino acid derivativesa {X) also are nonsubstrates peptides on one hand and from cleavage of penicilloyl
of the R61pp-peptidase 16). One factor in this result may  derivatives on the other has also been interpreted in terms
be the ground state conformation of the substrag, (out of different side chain orientations between peptides and
interactions between the substrate and enzyme must also b@g-lactams 42).
important. Inspection of the energy-minimized model of the  Interestingly, Damblon et al.38) have shown that a
D-Ala derivative (Figure 4A) indicates that armethyl group penultimata.-Phe depsipeptide is a betté&t/K,) substrate
placed in conformation A would sterically interact with Asn  of the P993-lactamase than its-Phe analogue. This result
161 and Tyr 150. Presumably, conformational accommoda-would suggest, in terms of the models presented above, that
tion would result from these interactions, changing the the tetrahedral intermediate of thePhe analogue could
position of the substrate with respect to the catalytic perhaps achieve something close to the A conformation with
functional groups and thus affecting catalysis, probably hydrogen in the methyl pocket and the benzyl side chain,
negatively. SuchL-X peptides would of course include flexible at thef-methylene carbon, protruding into the active
bicyclic g-lactams where the heterocyclic substituent would site. The A conformation would be unavailable to th€he
have theL-configuration. It would seem possible however analogue because of the size of the benzyl substituent. The
to accommodate-X compounds in a conformation close to broader expanse of thg-lactamase active site has been
that of B where the -substituent would protrude into the proposed to facilitate deacylatioB)(
active site cavity and away from the protein surface. Such a Molecular modeling studies showed that theamino acid
position of a bulky substituent [which is actually observed leaving group in peptide hydrolysis, or, equivalently, the
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nucleophile in aminolysis of the acyenzyme intermediate,
interacted strongly with the active site at the tetrahedral inter-
mediate stage. In the case of the PI¥@ctamase, the leaving
group carboxylate strongly hydrogen bonds to the side chains * " pengiin, D., and Woodruff, H. B. (1978). Antimicrob.

of Lys 315 and Thr 316, whereas in that of the R&i- Chemother. 4Suppl. B), 15-32.

peptidase, the corresponding residues are Arg 285 and Thr 14. Kahan, F. M., Kropp, H., Sundelof, J. G., and Birnbaum, J.
299. Arg 285 does not seem to have been previously identi- __ (1983)J. Antimicrob. Chemothed2 (Suppl. D), 1-35.

fied as an important residue at the active site of the R61 15'2(2%115;;5 Pratt, R. F. (1994ioorg. Med. Chem. Lett.,4
pp-peptidase, although it does lie within the broad area that 1 Ghuysen, J.-M., Fre, J.-M., Leyh-Bouille, M., Coyette, J.,
has been suggested to be the acyl acceptor bindinglgite ( Dusart, J., and Nguyen-Disteche, M. (1978hnu. Re.
38). The catalytic consequences of its mutation would clearly Biochem. 4873-101.

be interesting. It is noteworthy, however, that the crystal 17.Lobkovsky, E,, Moews, P.C., Liu, H., Zhao, H., FeeJ.-M.,
structures of inert covalent complexes of the Réipep- and Knox, J. R. (1993proc. Natl. Acad. Sci. U.S.A. 90

12. Bohme, E. H. W., Applegate, H. E., Toeplitz, B., Dolfini, J.
E., and Gougoutas, J. Z. (1971)Am. Chem. Soc. 9324~
426.

13. Birnbaum, J., Stapley, E. O., Miller, A. K., Wallick, H.,

i - : ) 11257-11261.
tidase with thes-lactams cephalothin and cefotaxin® $ug- 18. Kelly, J. A., and Kuzin, A. P. (1995). Mol. Biol. 254 223~
gest that the carboxylate group of thgstactams interacts 236.

only with the side chains of Thr 299 and Thr 301. Interaction 19. Govardhan, C. P., and Pratt, R. F. (198/%chemistry 26
of these carboxylates with Arg 285 seems to be precluded 3385-3395.

by the C3 exomethylene substituent of the thiazine ring. 20.giﬁigzm?;:nyyégéég;\g%an, C. P., and Pratt, R. F. (1989)

As noted above, His 298, the direct analogue in the R61 21 xu, Y., Soto, G., Hirsch, K. R., and Pratt, R. F. (1996)
pp-peptidase of Lys 315 of the-lactamase, does not interact Biochemistry 353595-3603.
directly with the leaving group in the optimized complexes. 22. Adediran, S. A., and Pratt, R. F. (199Bjochemistry 38
The imidazole side chain of His 298 is hydrogen-bonded to 1469-1477. .
the hydroxyl group of Tyr 280 in the crystal structu@,( 23. Anderson, G. W., Zimmerman, G. E., and Callahan, F. M.

) - 7 (1964)J. Am. Chem. Soc. 86839-1842.
and on the basis of the results of mutagenesis experiments, 24. Joris, B., DeMeester, F., Galleni, M., Reckinger, G., Coyette,
this pair has been implicated in the R&b-peptidase- J., Free, J.-M., and Van Beeumen, J. (19&Gpchem. J. 228
catalyzed aminolysis of depsipeptidestegmino acids43). 241-248. .
It is not known, however, if the His 298 Tyr 280 pair is  2°: Nieto, M., Perkins, H. R., Fre, J.-M., and Ghuysen, J.-M.
LT . (1973)Biochem. J. 135493-505.

neutral or zwitterionic. _If th_e Ia_tter, th.en an electrostatic  5g Wilkinson, G. N. (1961Biochem. J. 80324-332.
contribution to the reaction is still possible. If not, then the 27, carpenter, F. H. (196@). Am. Chem. Soc. 82111-1122.
effect noted in the mutagenesis experiments seems more 28. Curley, K., and Pratt, R. F. (1993) Am. Chem. Soc. 119
likely to be structural. 1529-1538.

; TR 29. Lobkovsky, E., Billings, E. M., Moews, P. C., Rahil, J., Pratt,
The results of this study confirm in both a structural and R. F., and Knox, J. R, (1998iochemisiry 336762-6772.

functional sense the importance of thenethyl group rather 30. Jamin. M.. Adam. M.. Damblon. C.. Christiaens. L. andtére
than hydrogen at the penultimate position of a peptide J.-M. (1991)Biochem. J. 280499-506.
substrate in botbp-peptidase an@-lactamase evolution and 31. Jamin, M., Wilkin, J. M., and Fre, J.-M. (1993Biochemistry

catalysis. Th@-methyl group has presumably been selected 32, 7278-7285.
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p-lactamase. The biological reasons for these preferences arezs ajpery, W. J., and Knowles, J. R. (197Bjochemistry 15
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