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ABSTRACT. Aryl malonamates are demonstrated to be novel substrates of a broad rafigactdm-
recognizing enzymes. These compounds are isomers of the aryl phenaceturates, which are well-known
substrates of these enzymes, but the new compounds contain a retro-amide side chain. Several lines of
evidence, including comparisons of steady-state kinetic parameters between enzymes and a detailed
investigation of the methanolysis kinetics, solvent deuterium isotope effects, andapHprofile for

turnover of a retro substrate by tBaterobacter cloacaP99/5-lactamase, suggested that the new substrates

are likely to be hydrolyzed by the same chemical mechanisms as “normal” substrates. Molecular modeling
indicated that the retro-amide group fits snugly into the active site of thesH88tamase by hydrogen
bonding to the conserved lysine-67 residue. The retro-amide side chain may represent a lead to novel
mechanism-based and transition state analogue inhibitors.

The search fop-lactamase inhibitors to potentigfelac-
tam antibiotics continues unabatdd 2). Since many of the
best knowng-lactamase inhibitors are of the mechanism-
based variety 3, 4), new motifs for inhibitors can, in

(i.e., poor pb-peptidase inhibitors). In certain instances,
however, these poor substrates can be mechanism-based
inhibitors @).

It occurred to us that a retro-amid&lj side chain might

principle, be derived from new substrates. Crystal structuresbe able to enforce a different hydrogen-bonding pattern at

of g-lactamases and the related-peptidases that are now

the active site and thus new chemistry. Few examples of

available suggest possible directions to be followed. For g-lactams containing the retro side chain are to be found in
example, crystal structures of covalent adducts of thesethe literature {2—16), and these have only modest antibiotic
enzymes with substrate5<{8) and transition state analogue activity. No studies of such molecules with specific enzymes
inhibitors ©, 10) show that the classical amido side chain is have been reported. Retro-amide moieties have been incor-
specifically hydrogen bonded to a backbone carbonyl oxygen porated into a variety of bioactive peptides. It is unusual,
of the -2 strand and the side chain NH of a generally however, to find that the product is reactive as an enzyme
conserved asparagine residue, a% (R represents an alkyl  substrate; indeed, one major reason for such incorporation
has been to reduce protease susceptibilif).(
0 Previous studies have shown that acyclic aryl phenacetu-
H\N)J\ Asn rates,2, are good substrates of bofhlactamases andp-
| peptidases 18—20). Since it seemed possible that the

,,H flexibility afforded by acyclic species might allow the retro
y side chain to more productively adapt to the active site, we
Il undertook a study of compounds of general strucB,ithe
R/C\N OSer
| RCONH RNHCO
! 0 ;\
(l')l 07 S0Ar(COy) 07 D0Ar(CO,)
C 3
- 2
~ \NH
1 retro-amide analogues @& In this paper, we describe the

synthesis of two such compounds and their activity as
substrates of a variety of typicgb-lactam-recognizing
enzymes and present some discussion of their possible
interactions with the active sites of these enzymes.

or aryl group).f-Lactams lacking this amido side chain are
generally poors-lactamase substrates and poor antibiotics

T This work was supported by National Institutes of Health Grant
Al-17986 to R.F.P.

* Corresponding authors. R.F.P.: telephone, 860-685-2629; fax, 860-
685-2211; e-mail, rpratt@wesleyan.edu. M.\W.: telephone, 1 39 25 44

EXPERIMENTAL PROCEDURES

52; e-mail, michel.wakselman@chimie.uvsq.fr.
* Universitede Versailles.
§ Wesleyan University.

Materials. The class Cp-lactamase ofEnterobacter
cloacae P99, the class Ap-lactamases, TEM-2 from
Escherichia coliw3310 and PCIl fromStaphylococcus

10.1021/bi0300478 CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/16/2003



6720 Biochemistry, Vol. 42, No. 22, 2003

Scheme 1
i
_N OH — DCC
O (0] |
p CO,Bzl

Iﬂ —
PhCH,” NWO@
O O

CO,R

70, 7m: R = Bzl
o: ortho;, m: meta H,
50,5m: R=H

aureus and the class B-lactamase |l oBacillus cereus
[as a mixture with the class /-lactamase | 21)] were
purchased from the Centre for Applied Microbiology and
Research (Porton Down, Wiltshire, U.K.). The class A
pB-lactamase | activity was removed from ti® cereus
mixture by titration with @-bromopenicillanic acid42). The
class D OXA-153-lactamase was generously provided by Dr.
Michiyoshi Nukaga of the University of Connecticut. The
pD-peptidase ofActinomaduraR61 was a gift of Dr. J.-M.
Frere of the University of Lige, Liege, Belgium. Theop-
peptidase ofStreptomycedR39 was provided by Dr. P.
Charlier, also of the University of Lgee. PBP3 ofNeisseria
gonorrhoeaewvas kindly provided by Dr. R. A. Nicholas of
the University of North Carolina at Chapel Hill. PBP5Bf
coli and the depsipeptide® and4m were available from
previous studies in this laboratorg§, 19, 23).

Synthesis of the Retro-Depsipeptidas and 5m. The
syntheses obo and 5m were achieved in two steps from
N-benzylmalonamic acid6j (Scheme 1). Condensation
(dicyclohexylcarbodiimide) o with benzyl 2- or 3-hy-
droxybenzoate gavéo and 7m, respectively, which were
converted tdbo and5m by catalytic hydrogenation.

N-Benzylmalonamic Acid) (25). Ethyl N-benzylmalona-
mate @4) (773 mg, 3.5 mmol) was dissolved in ethanol (15
mL), a solution 61 N NaOH (15 mL) was added, and the
mixture was stirred at room temperature overnight. The

ethanol was evaporated, and then the aqueous solution wa

washed with ethyl acetate, acidified with 50% HCI, and

extracted with ethyl acetate. The organic layer was dried

(MgSQy), and the solvent was evaporated. The title acid,
594 mg (88% yield), was obtained®* 0.35 (acetic acid/
ethyl acetate, 2.5/97.5); mp 85°€; *H NMR (acetoneds)
0 3.40 (s, 2H, NHCOCW), 4.46 (d, 2H, GHsCH.NH), 7.23—
7.33 (m, 5H, ArH), 8.10 (br s, 1H, NH).

Benzyl 3-[[2-(Benzylaminocarbonyl)ethanoyl]oxy]benzoate
(7m). To a solution of 96.5 mg (0.5 mmol) &-benzylma-
lonamic acid in dichloromethane (5 mL) under an argon

atmosphere were added 103 mg (0.5 mmol) of DCC and

114 mg (0.5 mmol) of benzyl 3-hydroxybenzoate. The

1 Abbreviations: AMPSO, 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-
2-hydroxypropanesulfonic acid; DCC, dicyclohexylcarbodiimide; DMF,
dimethylformamide; DMSO, dimethyl sulfoxide; MES, RHmorpholi-
no)ethanesulfonic acid; MOPS, BHmorpholino)propanesulfonic acid,;
NMR, nuclear magnetic resonané&®; retardation factor; TAP\-[tris-
(hydroxymethyl)methyl]-3-aminopropanesulfonic acid; Tris, tris(hy-

droxymethyl)aminomethane. Standard three-letter abbreviations for

amino acids are used.
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reaction mixture was stirred at room temperature overnight.
The white precipitate (dicyclohexylurea) was removed by
filtration. The solvent was evaporated, and the crude product
was purified by chromatography (silica gel; pentane/ethyl
acetate, 7/3) to give 155 mg (77% yield) of the title product
7m: R0.20 (pentane/ethyl acetate, 7/3); mp°89H NMR
(CDClg) 6 3.63 (s, 2H, NHCOCH), 4.51 (d, 2H, GHsCH,-
NH), 5.37 (s, 2H, COOCKCsHs), 7.26—-7.50 (m, 12H, ArH),
7.79 (t, 1H, ArH), 7.99 (dt, 1H, ArH)*3C NMR (CDCk) ¢
41.54 (COCHCO), 43.89 (NHCH), 67.22 (COOCHC:Hs),
122.80-137.77 (CH Ar), 150.22 (C Ar), 164.47165.44 and
167.78 (CO). Anal. Calcd for QH1NOs: C, 71.45; H, 5.25;

N, 3.47. Found: C, 71.44; H, 5.23; N, 3.53.

Benzyl 2-[[2-(Benzylaminocarbonyl)ethanoyl]oxy]benzoate
(70). N-Benzylmalonamic acid (189 mg, 1 mmol) was
dissolved in DMF (3 mL) at-15°C. DCC (206 mg, 1 mmol)
and benzyl 2-hydroxybenzoate (228 mg, 1 mmol) were then
added. The reaction was allowed to proceed at room
temperature for 2 days. The mixture was then poured into a
10% HCI solution and extracted with ethyl acetate. The
organic layer was washed twice with water and dried
(MgSQy). The crude product was purified by silica gel
chromatography (pentane/ethyl acetate, 1/1) and recrystal-
lized from diethyl ether to give 114 mg of the required
product7o (30% yield): R 0.66 (pentane/ethyl acetate, 1/1);
mp 82.6°C; *H NMR (CDCl;) 6 3.53 (s, 2H, NHCOCH),

4.50 (d, 2H, GHsCH,NH), 5.19 (s, 2H, COOCKCsHs), 7.09
(dd, 1H, ArH), 7.22-7.33 (m, 11H, ArH), 7.55 (dt, 1H,
ArH), 8.04 (dd, 1H, ArH);C NMR (CDCk) 6 41.63
(COCH,CO), 43.94 (NHCH), 67.32 (COOCHCsHs),
122.79-138.05 (CH Ar), 150.40 (C Ar), 164.37164.68 and
168.15 (CO). Anal. Calcd for £H,:NOs: C, 71.45; H, 5.25;
N, 3.47. Found: C, 71.51; H, 5.24; N, 3.48.
3-[[2-(Benzylaminocarbonyl)ethanoylJoxy]benzoic Acid
(5m). The benzyl estefm (187 mg) was dissolved in ethyl
acetate, 10% Pd/C (55 mg) was added, and the solution was
hydrogenated at room temperature for 16 h under a 2.45
10° Pa H pressure. The reaction mixture was filtered and
the solvent evaporated. The crude product was washed with
pentane and ether. Recrystallization from acetone gave 133
mg of productcm (91% vyield): R 0.75 (acetone); mp 178
°C; *H NMR (acetoneds) 6 3.67 (s, 2H, NHCOCH), 4.48

1d, 2H, GHsCH:NH), 7.23-7.42 (m, 6H, ArH), 7.57 (¢, 1H,

ArH), 7.80 (t, 1H, ArH), 7.95 (dt, 1H, ArH)}3C NMR
(acetoneds) 0 43.80 (COCHCO), 43.92 (NHCH), 123.82-
140.09 (CH Ar), 151.93 (C Ar), 165.84166.89 and 167.57
(CO). Anal. Calcd for GH1sNOs: C, 65.17; H, 4.83; N,
4.47. Found: C, 65.04; H, 4.77; N, 4.55.

2-[[2-(Benzylaminocarbonyl)ethanoylJoxy]benzoic Acid
(50). 50 was prepared in the same mannebas 37 mg of
benzyl estef7o gave 27.6 mg (95% vyield) of recrystallized
(acetone) producho: R: 0.36 (pentane/ethyl acetate, 1/1);
mp 153°C; *H NMR (acetoneds) 6 3.64 (s, 2H, NHCOCH),
4.46 (d, 2H, GHsCHNH), 6.95 (d, 1H, ArH), 7.19-7.41
(m, 6H, ArH), 7.53 (t, 1H, ArH), 7.89 (d, 1H, ArH)*C
NMR (acetoneds) 6 43.27 (NHCH), 43.68 (COCHCO),
118.05-139.67 (CH Ar), 151.80 (C Ar), 166.86167.47 and
168.05 (CO). Anal. Calcd for £H:sNOs: C, 65.17; H, 4.83;
N, 4.47. Found: C, 65.18; H, 4.81; N, 4.65.

Analytical and Kinetic MethodsAbsorption spectra and
spectrophotometric reaction rates were measured with a
Hewlett-Packard 8452A spectrophotometer. Solution condi-
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Scheme 2 molecular dynamics, and a typical snapshot of the predomi-
EH, EH + H* E+H nant conformation was selected for energy minimization. The
Ka Ka protonation state of active site residues was as described
j k;So ‘ k2So previously £9). A similar protocol was adopted for the TEM
pB-lactamase where the deacylation transition state model was

EH, +P EH + P built from the crystal structure of a boronate complex [PDB
file 1IERO @0)]. Dynamics runs were performed with Glu
tions for the kinetic runs were as follows: 0.1 M MOPS 166 both protonated and unprotonated.
buffer, pH 7.5 at 25C (P99, TEM, and PCp-lactamases
and the R6Dbbp-peptidase); 0.1 M pyrophosphate buffer, pH RESULTS AND DISCUSSION
8.5 at 37°C (PBP3 and PBP5); 0.1 M Tris buffer, pH7.7at  The retro-depsipeptideSm and 50, analogues of the
37 °C (R39pp-peptidase). Stock solutions of all depsipep- previously studiegs-lactamase andp-peptidase substrates

tides were prepared in DMSO, and aliquots of this were 4m and 40, were prepared as described in Experimental
added to cuvettes. The total DMSO concentration in all

reaction mixtures was 5% v/v. Initial rates of enzyme- Rr
catalyzed reactions were monitored spectrophotometrically

R
at 300 nm Qe = 950 cnt! M~1) or 290 nm Ae = 1760 )\ ;\
cm ! M~1) after addition of small aliquots of stock enzyme g g O@
COy

solutions to substrate solutions. Steady-state kinetic param- 0
eters were obtained from initial rates by the method of
Wilkinson (26). In cases where no signs of enzyme saturation COy
were obtainedk../Kn values were obtained from progress  4m R =PhCH,CONH 40 R = PhCH,CONH
curves by means of the Dynafit prograiiry. 5m R =PhCH,NHCO 50 R =PhCH,NHCO
The pH profile ofk../Krm for the P99-catalyzed hydrolysis
of 5m was obtained as a function of pH undéK (S, < Procedures (Scheme 1). The new compounds were soluble

K.) substrate concentration conditions. Control of pH was in water at neutral pH to concentrations around 20 mM and
achieved by means of mixed buffers containing 20 mM each slowly hydrolyzed. In 100 mM MOPS buffer at pH 7.5 and
of acetate, MES, MOPS, AMPSO, and TAPS and where an 25 °C, the pseudo-first-order rate constants of hydrolysis of
ionic strength of 1.0 was maintained with NaCl. The classical 5M and 50 were 5.4 x 107° s™* and 3.8 x 107° s,
bell-shaped pHrate profile was fitted to Scheme 2 and the respectively. The corresponding values 4on and4o were
derived rate equation (eq 1) by means of a nonlinear least-1.0 x 107°s7*(31) and 5.6x 107°s™, respectively. These
squares program to obtain thé&pvalues of the catalytic ~ values suggest little intramolecular catalysis by the amido

groups. side chain but some by tleecarboxylate; the latter is likely
to be due to general base catalys3g)(
KeofK = kK JH T4 H2+ K JH1+ K K. @) The important result then obtained was that and 50

are, like 4m and 40 (18, 19), substrates of a variety of
p-lactamases anob-peptidases. This was observed first in
Solvent deuterium kinetic isotope effects were obtained NMR experiments where the hydrolysis & and50 was
as described previousl®Q, 28). The effect of methanol on  found to be much more rapid in the presence than in the
the initial rates of solvolysis obo and5m in the presence  absence of-lactamases. The products of hydrolysis in all
of the P995-lactamase was determined spectrophotometri- cases were the hydroxybenzoic acid &ktlenzylmalonamic
cally in aqueous methanol/MOPS buffer solutions as de- acid. Subsequently, the quantitative spectrophotometric
scribed previously)8, 19). Methanol concentrations between determination of the initial rates led to the steady-state
0 and 2.5 M were employed. The concentration$ofand kinetic parameters of Tables 1 and 2 for these hydrolysis
Smwere 2.5 and 1.0 mM, respectively, and initial rates were reactions; comparable kinetic parameters for the classical
obtained at 330 and 290 nm, respectively. The partition ratio depsipeptidegm and4o are also provided in Tables 1 and
ka/ks (Scheme 3) was then determined from least-squares fits2 for comparison.
to the data, as previously describet9) The effect of The remarkable feature of the data of Tables 1 and 2 is
D-phenylalanine on the rates of disappearanceoand5m the overall general similarity between the kinetic parameters
in the presence of the P99 enzyme was also determinedof the retro compoundsm and5o0and their “normal” amide
concentrations of the substrates were as for the methanolysisinalogues4m and 4o, respectively. Although there are
experiments, and those ofphenylalanine ranged to 30 mM.  certainly differences in particular parameters in specific cases,
Molecular Modeling. The computations were set up there are no quantitative differences greater than an order

essentially as previously describeZBf and run on an SGI  of magnitude in favor of the classical substrates. For a given
Octane 2 computer with Insight 1l 2000 (MSI, San Diego, enzyme, the retro compound is, in general, not significantly
CA). The starting point for the simulations of the P99 poorer as a substrate than the original depsipeptide. Further,
pB-lactamase was the crystal structure with a phosphonatethe change ik.a/Kn, i.€., in the free energy of the acylation
inhibitor covalently attached to the active site serine residue transition state, from enzyme to enzyme for a given substrate,

[PDB file 1bls 9)]. The retro-amide acyl group &m was is very similar for the retro compounds as for the originals.
constructed using the Builder module, and calculated partial This suggests that the mechanism of hydrolysis employed
atomic charges were applied to 2#9). A variety of initial by the various enzymes, i.e., the nature of the active site

conformations of the ligand were explored by means of groups and their role in catalysis, is the same for the retro
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Table 1: Steady-State Kinetic Parameters for the Hydrolysis of Compatmdmd5m by S-Lactamases

4m 5m
kcat Km kca{Km kcal Km kcale
enzymeé (s (mM) (stM7Y (s (mM) (stM7Y
P99 123 0.23 5.4x 10P 41+ 2 0.17+ 0.02 2.45x 1P
TEM 25.4 2.2 1.2x 10 28+1 1.42+ 0.06 1.95x 10
PCI 0.030 0.19 1.6x 1% 0.1124+ 0.003 0.029t 0.003 3.9x 10°
OXA-1 3.6+0.3 5.1+ 0.5 7.1x 1% 0.27+0.01 1.0+£0.1 2.7x 1%
BClI 1d 19+£2 3.1 9.3+ 0.6

a Abbreviations: P99, class -lactamase oE. cloacaeP99; TEM, class A TEM-Z-lactamase; PCI, class Alactamase frons. aureusPCl;
OXA-1, class Df-lactamase; BCII, class B-lactamase Il fronB. cereus® Data from ref28. ¢ Data from ref31. ¢ Value relative to that o#im.

Table 2: Steady-State Kinetic Parameters for the Hydrolysis of Compotméad 50 by -Lactamases

40 50
kcat Km kca{Km kcal Km kca{Km

enzymé (s (mM) (stM7Y (s (mM) (stM™Y
P99 139+ 6 11.8+0.8 1.2x 10 41+ 4 0.8+0.1 5.4x 10¢
TEM n° >0.0072 >0.2 36

PCI nd! n

OXA-1 48+0.3 5.3+ 0.4 9.1x 1(? 3+1 11+5 2.55x 17
BClI >10 P >0.5 2.7

aThe enzyme abbreviations are as for Tablé \Yalue relative to that ofto. °n = not a substrate! nd = not determined.

compounds as for the originals. The class B enzyme, aScheme 3

metallof-lactamase rather than a serifidactamase, is k3[H,0] E+P,
actually a little more efficient in catalyzing the hydrolysis /

of 5m and5othan of4m and4o, respectively. Th&, values E+S s —<2 E-S

are high, however, indicating little affinity between these K &4[MeOH)
depsipeptide substrates and the class B active site. P E + P,OMe

There are a few significant differences evident from the
data of Tables 1 and 2. First, batikcarboxyphenyl esters, methanolysis, of 15 and 68 f&m and 50, respectively.

4m and 5m, are better' class A and class fElactamase  rpege yalues are comparable to those previously obtained
substrates than are theicarboxyphenyl analogue4o and for 4m (viz., 28) (19) and for the benzofuranor@viz., 55)
50; on the other hand, however, there is little specific ' ’

preference K../Km) for the meta isomers by the class D PhCH,CONH
pB-lactamase. The general difference in steady-state param-
eters between the class A TEM and the B@actamase has
been noted previoushl 8, 33); the PClS-lactamase generally 0 o
has difficulty with deacylation.

The data for the P9%-lactamase indicate that, within 8
experimental uncertaint..: for 5m is the same as that for
50. This is suggestive of a common rate-determining step (34). *H NMR studies showed the presence of a methanolysis
which most likely would be deacylation. This is certainly to product in reaction mixtures frofam just as they did with
be expected sincé. for the P99s-lactamase generally —4m (19). Access of methanol to the acyl-enzyme derived
correlates with the deacylation step and, in particular, has from the retro compoundsm and5o is therefore not very
been shown to be so fdm (19); the similarity ofk.s values different from that to comparable acyl-enzymes with normal
betweendm and 4o suggests that deacylation is also rate Side chains. This result also suggests a similar catalytic
determining for the latter compound under saturating condi- Process.
tions. Direct evidence for rate-determining deacylation inthe A pH—rate profile for the hydrolysis dm in the presence
case of the retro compoun8sn and50 was obtained from  of the P993-lactamase also indicated mechanistic similarity.
methanolysis experiments. The acyl-enzyme derived from Figure 1 shows thek../K, profile obtained for5m as
4m is well-known to partition between hydrolysis and described in Experimental Procedures. This profile yielded
methanolysis in aqueous methanol solutions [Schem&)B ( pK, values, probably those of free enzyme, of 58®.10
In Scheme 3, ES represents the acyl-enzyme intermediate and 9.63+ 0.12. Note that the former value is too high to
and B and BOMe are the hydrolysis and methanolysis correspond to that of free substrate. A-ptate profile for
products, respectively, of this intermediate. In the presencethe hydrolysis of4m, obtained under identical conditions,
of methanol, the appareki,;for 4m increases with methanol yielded [K; values of 6.27 0.11 and 9.26t 0.12 Q0); a
concentration as deacylation is enhanced. This same resulprofile for dansylcephalothin yielded values of 5:82.16
has now been observed wiim and5o (data not shown).  and 9.26+ 0.35 @35). These results suggest that a combina-
Treatment of these data by the previously employed methodstion of the same basic and acidic functional groups is required
(19) yielded values okyks, the partition ratio in favor of  for the hydrolysis obm as for other substrates. Unambiguous

COy



New Substrates fogf-Lactam-Recognizing Enzymes

Biochemistry, Vol. 42, No. 22, 200%723

Table 3: Steady-State Kinetic Parameters for the Hydrolysis of CompotmgdSm, and5o0 by ppb-Peptidases

enzymeé parameter 4m 5m 50
R61 Keat(S7D) 1.51 0.7+ 0.3 f
Kum (MM) 0.76 10+ 3
kealKm (5TM 1) 2.0x 108b 70
R39 Keat (573 >4.2 0.363+ 0.001 >0.37
Km (MM) >1.0 0.227+ 0.002 >1.0
kealKm (5TM 1) (4.2+0.1) x 10° 1.6 x 10° (3.7+0.7) x 1C?
PBP3 Keat (57 >5.6 >3.3 >0.8
Kum (MM) >1.0 >1.0 >1.0
Keat/Km (S"TM™Y) (5.6 0.1) x 10° (3.3+£0.1) x 10 (8.0£0.2) x 17
PBP5 n n nél

a Abbreviations: R61pp-peptidase fronStreptomyce&61; R39,0p-peptidase fromActinomaduraR39; PBP3, penicillin-binding protein 3 of
N. gonorrhoeagPBP5, penicillin-binding protein 5 d. coli. ? Data from ref20. ¢ n = not a substrate! nd = not determined.

3 T T T T

5 (M“S“)

k /K x10
cat m

pH

Ficure 1: pH-—rate profile for hydrolysis of compourtein by the
P99 -lactamase.

combination of fractionation factors in the free enzyme and
the latter to indicate some degree of proton transfer in
deacylation 20, 28). The values of these parameters 5on

and the same enzyme were 0.#50.05 and 1.6 0.14,
respectively. A comparison of these values with thosénof
provides further evidence that the P®%actamase catalyzes
the hydrolysis of4m and5m by the same mechanism and
with very similarV/K andV transition states, at least with
respect to solvent proton disposition.

More distinctive is the situation with aminolysis. The acyl-
enzyme derived frordm is subject to facile aminolysis by
D-amino acids 36, 37). For example, the partition ratio in
favor of aminolysis (versus hydrolysis) of this acyl-enzyme
by p-phenylalanine is 7.% 10* (37). Aminolysis of5m by
p-phenylalanine was much less facile, however, with a
partition ratio of 350, some 220-fold less than that4of.
Aminolysis of 5m by the smaller amine-alanine was also
inefficient, with a partition ratio of 15. These results indicate
that the approach af-amino acid to the acyl-enzyme derived
from 5m is much less favorable than to that fratm. It is
likely therefore that a-phenylalanine ob-alanine peptide
derived from5m would be a much poorer substrate of the
P99j-lactamase than one derived fretm (37). The more
stringent stereoelectronic requirements for peptide hydrolysis

identification of these has not been achieved although by these enzymes are well-known.

tyrosine-150 and lysine-315 are possible candida@gs (

Insight into how the retro side chain might fit productively

As another probe of mechanism, solvent deuterium kinetic into the active site of thesg-lactamases was achieved by

isotope effects were determined for turnoversof by the

model building accompanied by molecular dynamics explo-

P99 g-lactamase. Values of these parameters are availableration of accessible conformations and energy minimization

for 4m (28): PV/IK = 0.83 and®V = 1.44. The former of

by means of a molecular mechanics force field. A resulting

these values has been interpreted to indicate a very specifieenergetically favorable structure is shown in Figure 2. This

Lys 315

Tyr 150

Thr 316

Lys 67

'_:EE(

Ser 318

Gly 317 M
Asn 152

Tyr 150

Thr 318
Ser &4
Lys 67

Gly 317

Ser 318

Ficure 2: Stereoview of an energy-optimized model of the acylation tetrahedral intermediate formed on reaction of cobnpouitid

the P993-lactamase.
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represents the tetrahedral intermediate for deacylation of thetraditional proteases; the retroamide moiety adjacent to the
acyl-enzyme formed frorBm or 50 and the P9%-lactamase. reaction center may not be accommodated at the active sites
Comparison with a similar structure derived fratm (29) of these enzymes as well as at those of fh&actam-
shows much similarity. Both have much in common with recognizing enzymes. The two compounds tested in the
the structure of a phosphonate transition state analdue (  present work are generally as effective as substrates of the

Features related to catalysis are thought to include positioninglatter enzymes, within an order of magnitude, as their

of the tetrahedral €0 in the oxyanion hole formed by

analoguegim and4o with the normal side chain orientation.

backbone NH groups of Ser 64 and Ser 318, the presence ofThe similar change of the steady-state parametefsncdnd

the hydroxyl of Tyr 150 within hydrogen-bonding distance 5m
of the tetrahedral EOH and Ser 64 Q and that of the Lys

with enzyme, the methanolysis result with the P99

p-lactamase, and the solvent deuterium kinetic isotope effect

67 ammonium ion within hydrogen-bonding distance of the and pH rate profile with this enzyme suggest that enzyme-

side chain carbonyl of Asn 152 and Ser 64. @he novel

catalyzed hydrolysis of the retro and normal compounds

feature of the structure shown in Figure 2 is the position of occurs by the same chemical mechanism. Molecular model-

the retro-amide side chain. The normal side chaidrafis ing

indicates how the retro-amide side chain may fit into

found hydrogen-bonded, on one side, to the side chaipn NH the class @3-lactamase active site, where the novel interac-
of Asn 152 and, on the other, to the backbone carbonyl of tion that may account for the productivity of the interaction
Ser 318 {). These interactions are not as easily achieved is between the amide carbonyl group and the conserved
with a retro-amide side chain, and as seen in Figure 2, anlysine of the active site of this enzyme. The FBfactamase
apparently stable tetrahedral intermediate structure can beand the R6Ibp-peptidase catalyze aminolysis of the retro
achieved with hydrogen bonding between the retro- amide compound byp-phenylalanine much more weakly than of

carbonyl oxygen and the ammonium terminus of Lys 67. the

normal compoundgp-peptidase activity against retro

This interaction might assist catalysis by stabilizing the peptide substrates would therefore be much smaller than
position of the substrate with respect to the catalytic apparatusagainst the normal peptides, reflecting probably the much
and in a more direct fashion than indirectly via Asn 152 as greater sensitivity of the peptidase reaction to structural
in substrates with normal side chains. On the other hand,variation.

the NH of the side chain amide does not appear to interact
with the enzyme but is directed out into solution.

Optimization of side chain structure on these retro
substrates may lead to new mechanism-based and transition

Simulations of the interaction of tetrahedral intermediates state analogue inhibitors with novel scope for structural

derived from reaction ofm and5m with the class A TEM

elaboration. It is possible that the issue of retrtactams

pB-lactamase revealed much greater ligand mobility. No should also be revisited.

specific interactions between the enzyme and the side chains

were observed that were stable over time. This may explain REFERENCES
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