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ABSTRACT: f-Lactam antibiotics restrict bacterial growth by inhibiting DD-peptidases. These enzymes
catalyze the final transpeptidation step in bacterial cell wall biosynthesis. Although much structural
information is now available for these enzymes, the mechanism of the actual transpeptidation reaction
has not been studied in detail. The reaction is known to involve a double-displacement mechanism with
an acyt-enzyme intermediate, which can be attacked by water, specific amino acids, peptides, and other
acyl acceptors. We describe in this paper an investigation of acyl acceptor specificity and assess the need
for general base catalysis in the deacylation transition state @Gtifeptomyce®R61 DD-peptidase. We

show, by the criterion of solvent deuterium kinetic isotope effect measurements and proton inventories,
that the transition states of specific and nonspecific substrates are very similar, at least with respect to
proton motion. The transition states for attack (tetrahedral intermediate formatianafmyno acids and
Gly-L-Xaa dipeptides do not include a general base catalyst, while such catalysis is essential for reaction
with water and-a-hydroxy acidsbp-o-Hydroxy acids act as acyl acceptors for glycyl substrates but not

for more specifim-alanyl substrates; hydroxy acids actually behave, more generally, as mixed inhibitors

of the DD-peptidase. The structural and mechanistic bases of these observations are discussed; they should
inform transition state analogue design.

The bacterial DD-peptidases [also known as transpepti- adjacent peptidoglycan strands). Much structural information
dases or penicillin-binding proteins (PBPsgatalyze the from X-ray crystallography is now available for these
final step in cell wall biosynthesis, where the monomer unit enzymes, but rather less is known about the details of their
is incorporated into the peptidoglycan polymé).(These substrate specificity, kinetics, and reaction mechanism,
enzymes are essential to bacterial survival and, because oparticularly for the transpeptidation reaction. We have
this, have been extensively targeted by inhibitors (antibiotics) recently studied some elements of substrate specificity (both
produced by a variety of species (includirigmo sapiens acyl donor and acceptor) of one particular DD-peptidase, that
in attempts to restrict bacterial growth. Thelactams of StreptomyceR61, which has been investigated as a model
represent an important group of such antibiotics. Bacterial DD-peptidase for many year5,(6). We have more closely
resistance to these antibiotics has risen with usage andestablished the structural features of both the enzyme and
currently presents a significant problem to their therapeutic the substrate required for optimal activity—=10). In this
application @). Consequently, the DD-peptidases have been paper, we extend this work with a closer look at the
intensively studied in recent years in an effort to provide an mechanism of acyl transfer from the acy@nzyme interme-
informational base for novel antibiotic design. diate, generated from both specifit<3) and nonspecific

Bacteria, in general, produce several variants of DD- (4—7) substrates, to amine and hydroxyl acceptors. We have
peptidase enzymes, each having a specific role in the cellfocused, particularly, on the requirement for general -acid
cycle (overlap of function between some of them also occurs) base catalysis in these reactions. The results provide a more
(3). They are all, however, evolutionarily related and have accurate definition of the important transition states involved
common elements of tertiary fold and active site structure. in the transpeptidation reaction.

They have been classified into subgroups based on amino

acid sequence homology)( A general reaction scheme for EXPERIMENTAL PROCEDURES

these enzymes is depicted in Scheme 1. During turnover of  Materials. The DD-peptidase oStreptomyceR61 was

a peptide substrate, RCONHRn acyl-enzyme intermedi-  yanerously provided by J.-M. Freeof the University of Lige

ate, E-OCOR, is formed, which partitions between reaction ) jage Belgium). Concentrations of enzyme stock solutions
with water (the carboxypeptidase reaction) and aminolysis \yere determined spectrophotometrically by means of the
(the transpeptidase reaction; R and Rould represent published extinction coefficient of 3.9 10/ cm* M1 (11).

Substratesl—6 and the amine acceptor aminomaldn-

T This research was supported by National Institutes of Health Grant

AI-17986 (R.F.P.). ethylamide were available from previous studies in this
* To whom correspondence should be addressed. Telephone: (860)laboratory 8, 9, 12—14). N,N'-Diacetyl+-lysyl-p-alanyl-o-
685-2629. E-mail: rpratt@wesleyan.edu. Fax: (860) 685-2211. alanine {) was purchased from Sigma-Aldrich Corp.

! Abbreviations: EDC,N-[(dimethylamino)propyl]N'-ethylcarbo- _ _ i ; _ _ _
diimide; HOBT, 1-hydroxybenzotriazole; MOPS, 3-morpholinopro- N-(Glycolyl)+-phenylalanine 13). First, N-(tert-butoxy

panesulfonic acid; NMR, nuclear magnetic resonance; PBP, penicillin- @Cetyl)+-phenylalaninetert-butyl ester was prepared from
binding protein. the condensation afphenylalaningert-butyl ester (Chem-
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Scheme 1

) ksH20l _ E-OH + RCO,

2

RCONHR' + E-OH === EOH.RCONHR' === E-OCOR
Ks k, +RNH,

Ka[R"NH,] E-OH + RCONHR"

Impex) withtert-butoxyacetic acid (Oakwood Products, Inc.) butoxyacetic acid as described above for the phenylalanine
(15). Thus,tert-butoxyacetic acid (200 mg, 1.51 mmol) was analogue:*H NMR (300 MHz, D,O) 6 1.36 (3H, d,J =
dissolved in ethyl acetate (7.5 mL), and sequentially, water 7.2 Hz, CH), 4.08 (2H, s, Ch), 4.21 (1H, g,J = 7.2 Hz,
(15 mL),L-phenylalaningert-butyl ester hydrochloride (389  CH).

mg, 1.51 mmol), potassium carbonate (123 mg, 0.89 mmol), Kinetics.Kinetics measurements were carried out in either
and HOBT (204 mg, 1.52 mmol) were added. The mixture 10 mM phosphate bufferd(and2) or 20 mM MOPS buffer
was chilled in an ice bath with stirring and EDC (322 mg, (3—6) at pH 7.5 and 25C, unless specified otherwise. The
1.6 mmol) added. The resulting mixture was stirred overnight reactions ofl—6 were monitored spectrophotometrically at
at 4 °C. An aqueous solutionf@® M citric acid (20 mL) appropriate wavelengths: 224 nivg= 50 cnT! M~1) for
was then added to the reaction mixture, and the layers werel, 228 nm Ae = 50 cnT! M~?) for 2, and 290 nm Ae =
separated. The organic phase was further washed sequentiallg760 cnt* M%) or 300 nm (Ae = 950 cnt* M 1) for 5 and
with citric acid (0.5 M, 2x 20 mL), brine (10 mL), aqueous 6. Reactions of3 and 4 were generally carried out in the
sodium bicarbonate (1 M, 2 20 mL), and brine (2x 10 presence of 4,4dipyridyl disulfide (1.0 mM), and the release
mL). It was dried over anhydrous sodium sulfate and of 4-thiopyridone was monitored at 350 nikeg(= 2640 cn1?
evaporated to dryness to afford the solid product (371 mg, M~1) (12). With aliphatic acyl acceptors, the reactions3of
73%): *H NMR (300 MHz,ds-DMSO0) d 1.11 (9H, s, t-Bu), and4 could be monitored directly at 240 nmh¢é = 2230
1.36 (9H, s, t-Bu), 3.03 (2H, d,= 6.6 Hz, CH,), 3.75 (2H, cm M~ and 270 nmAe = 100 cntt M~1), respectively.

s, CH0), 4.47 (1H, gJ = 7.5 Hz, CH), 7.24 (5H, m, ArH),  Steady state kinetics parameters3p#, and6 were obtained
7.41 (1H, d,J = 7.8 Hz, NH). from initial rate measurements; the data were fitted to the
This material (169 mg, 0.54 mmol) was dissolved in 400 Henri—Michaelis—-Menten equation by means of a nonlinear
uL of dry, ice-cooled, dichloromethane and trifluoroacetic least-squares computer program. The stopped-flow measure-
acid (8.4 mL) added1(). The mixture was stirred at 4C ments were obtained from a Durrum D110 instrument. Equal
for 8—9 h and then evaporated to dryness under vacuum.volumes of solutions of the enzyme (final concentration of

The residue was suspended in water (1 mL) and brought to0.6 M) and1 (50, 100, or 20Q«M) were mixed. The protein

pH 7.0 by the addition of solid NaHG1—2 equiv). The fluorescence beyond 300 nm was monitored as a function
solution was freeze-dried and the residue purified by elution of time, following excitation at 282 nm. The data were fitted
with water from a Sephadex G10 column: yield 80 mg to Scheme 6 (see below) using Dynafif).

(67%);H NMR (300 MHz, D,O) 6 2.99 (1H, ddJ = 7.5, Solvent deuterium kinetic isotope effects on V for the R61
13.8 Hz, CHO), 3.21 (1H, dd| = 4.8, 14.4 Hz, CHO), 3.97  DD-peptidase-catalyzed reactionslef5, in the absence and
(2H, ABg, J = 16.8 Hz, CH), 4.49 (1H, ddJ = 7.5, 5.3 the presence of acyl acceptors, were obtained from spectro-

Hz, CH), 7.3 (m, 5H, ArH). photometric initial rates, essentially as previously described
N-(Glycolyl)+-alanine (2). This was prepared in 50% (18, 19). The concentrations of the substrate that was used
overall yield from L-alanine tert-butyl ester andtert- were at least &, for P20V (the convention is used throughout
wherebyP°X represents the solvent kinetic isotope effect
Q on X, i.e., X"0/XPX). Small corrections for the lack of
- NH_ NH_p_COy complete saturation were made where approprid®. (
HSNW MNH% Y Reactions were initiated by the addition of a small volume
> 1

of a solution of the enzyme in 1/1 (v/iv),B/D,O MOPS
/\)1 buffer. For measurements of isotope effects at pH 8.9, a 10
+ NH_ L NH_p_.COy mM Tris buffer was employed. At the pH values that were
HsN/\W W/\S NH)D\[( Y employed, k.o¢ is essentially invariant 10, 20). Proton
° cor 2 ° inventories on V for the hydrolyses df, 3, and 4 were
o determined at pH(D) 7.5, as described by Stein et2l). (
/\)L _ Initial rates were determined (in at least triplicate) in solutions
HSE/WNHWL/\S NH)Dﬁ(SWD/COZ containing RO mole fractions of 0, 0.5, and 1.0. This
o coy s 5 procedure has been shown to be as effective in determining
the general shape of an inventory as that in which several
mole fractions of RO are employed22). As described
PhCH,CONH PhCH,CONH above, the addition of aliquots of a common enzyme stock
o;\st% OJ\O solution was used to initiate the reactions. Fits of the
coy; o, experimental proton inventories to an appropriate Gross
* ° Butler equation (eq 2) were made by means of a nonlinear

5 0 least-squares computer program.
PhCH,CONH . .
I AchL NH_p _CO; The effects of added acyl acceptors;amino acids,
o o@ ] NH D I Y dipeptides, and-a-hydroxy acids on V were determined

NHAc . . .
COy spectrophotometrically, as described above; concentrations
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Scheme 2 Scheme 4
kL kelHoO] » E + POH
E+L — EL o gl
E+S K, \k4[I:{OH]
Ki | K |1 Kg || 1 E + POR
Kis
El+L — ELI El ESI
Scheme 3 SCheme 5
k3[H20]
E+S Es — _ E.p Ko E+Pe
Kin E+S ES —— E-S
Ki | | Ksi |1 Ks +Pr kd*]‘ E+P;
El ESI

peptidase (4«M), and NMR spectra were then collected at

of the acceptors were in the-0 mM range. Values dfsJ/ appropriate times.
ks (Scheme 1) for the acceptors were determined from the
slopes of plots of the initial rate versus acceptor concentrationRESULTS AND DISCUSSION
at low acceptor concentrations where no specific binding of
acceptor to enzyme need be conside@dValues of°°k,
could be determined from the measured value®e(kai/ks)
and P:%k;. The solvent isotope effect on the amink,mof
glycine was determined by measurements of the pH(D) of
solutions containing 25 mM glycine and 25 mM sodium
glycinate in HO and BO.

Inhibition of substrate hydrolysis by certain amino acid

As described in the introductory section, bacterial DD-
peptidases catalyze the hydrolysis and aminolysis of C-
terminal p-Ala-p-Ala peptides and analogues of these
substrates by the kinetic mechanism of Scheme 5. In this
scheme, ES represents the noncovalent complex of the
enzyme and substrate, E-S represents the covalent-acyl
enzyme intermediate formed on acylation of the active site
. serine residue by the substrate, with release of the leaving
analogues was found_ to be of fche _m|xed type. 'T‘ a numbergroup as B N represents an alternative nucleophile, amine
of cases, the competitive contribution to this inhibitid)( or hydroxy acid, and £and R represent the hydrolysis (acid)
was therm|ned fro”! measurements of the rate constants forand aminolysis/alcoholysis (amide/peptide/ester) products,
inhibition of the reaction between the R61 DD-peptidase and respectivel

P : pectively.
the fluorescent dansylpenicillin according to Schemé&)2 (

h L ts d loenicill d 1 the inhibitor. Th The nature of the rate-determining step, i.e., the relative
Where L represents dansylpeniciiiin and 1 the Inbitor. 1€ 76 of, andks, has been determined already for a variety
concentrations of E, L, and | were typically Qu/, 200

. . f substrates for th&trept K61 DD- tid @,
uM, and 0-50 mM, respectively. The decrease in fluores- of substrates for reptomyce peptidaselt

) ) : ) 18, 20, 24, 25). For example, deacylation is usually rate-
cence |ntenS|t_y qt 320 nm was monitored as a func;tlon of determining for (thio) ester substrates; those employed in
time after exc_:ltanon at 280 nm, e!”d the data_ were fitted to this study include thioglycolate, thiolactate, amehydroxy-
an exponential function to obtain pseudo-first-order rate benzoate depsipeptides4 18, 24, 25). This conclusion is
constantsky,g of inactivation ). These constants, measured t

t L ihibit trati fited © 1b readily obtained from a simple experiment: amine acyl
at several innibitor concentrations, were itted 1o eq 1 by a acceptors, N in Scheme 5, accelerate the steady state reaction
nonlinear least-squares procedure

rate under saturating substrate (S) conditions if deacylation
K+ (k JK)! is rate-determining. Recently, this generality was also shown

— S M/0 (1) to be true for the thiodepsipepti@avith a side chain specific
bs 1+ 19K, for the R61 DD-peptidase).

The situation with peptide substrates has been more
wherelg represents the initial concentration of the inhibitor. problematic. It was demonstrated some years ago that
The uncompetitive contribution could then be obtained from acylation was rate-determining for the nonspecific peptide
experiments where initial rates of reaction of a substrate wereN,N'-diacetyl+-lysyl-p-alanyl-D-alanine ) (20). Initial ex-
determined at a series of inhibitor concentrations. These periments with the specific peptidewere also interpreted
results were fitted to Scheme 3 by Dynafit7f, whereK; in terms of rate-determining acylatior)( These were, first,
was fixed to the value derived from the fluorescence the absence of an effect pflactate on steady state turnover
experiment described above. The results were plotted asof 1 at saturating concentrations; Jamin et 24) (had shown
described by Cornish-Bowde23). thatp-lactate accelerated turnover of a nonspecific depsipep-

In cases where-a-hydroxy acids acted as both acyl tide, a result that, at the time, suggested tivat-hydroxy
acceptors and mixed inhibitors, initial rate measurements atacids, likep-amino acids, were effective acyl group acceptors
a series of hydroxy acid concentrations were fitted to Schemefor this enzyme. Second, a manual mixing experiment
4 with Dynafit (17); here alsoK; was fixed at the value  suggested that saturatiighad no effect on the intrinsic
obtained from the relevant fluorescence experiment. fluorescence of the R61 DD-peptidase. It was well-known

The presence or absence of acyl transfer fiband6 to that the fluorescence of this enzyme is quenched by active
p-mandelate was determined frofd NMR spectra of site acylation {1, 24).
reaction mixtures containing 2 mM depsipeptide (ester), 10 More recent studiesl() of 1 cast doubt on the major
mM p-mandelate, and 2 mg of NaHG® 0.6 mL of D;O. conclusion described above. First, the value kgf for
The reaction was initiated by addition of the R61 DD- thiodepsipeptide3 was the same, within experimental
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14 Table 1: Steady State Kinetic Parameters for Hydrolysebs-of,

® 1oL Catalyzed by the R61 DD-Peptidase
o 1
5 substrate  keat(s™1) Km (MM) KealKm (ST M71)

1k
5 12 69 7.9% 103 8.6x 10°
8 sl 2 48 0.26 2.0x 10°
5 3 81+ 4 (41+£0.9)x 10°2 2.1x 10
® o6l 4 57+0.6 1.0+04 5.5% 103
g 5 151 0.76 2.0« 10°
S 04| 6 31+1 1.37+£0.15 2.3x 10¢
© 7 345 9.8 3.5¢ 103
>
= 02 aData from ref7. ® Data from ref8. ¢ Data from ref18,
°©
o 0

Table 2: Solvent Deuterium Kinetic Isotope Effects on V for
Substrate Hydrolysis by the R61 DD-Peptidase

-0.2

0 0.5 1 1.5 2
Time (s) substrate DLV substrate POV
Ficure 1: Fluorescence intensity as a function of time after R61 1 2.04+0.14 4 3.08+0.26
DD-peptidase (0.uM) is mixed with 1 (100 uM). The line 2 2.04+0.14 5 256+ 0.1%
represents the fit of the data to Scheme 6 (see the text). 3 1.79+0.14
aData from refl8.
Scheme 6
Keat Ko with both peptidoglycan-mimetic side chairis<(3) and the
E+S ES EP E+P o X . X .
Ko nonspecific benzyl side chaid<6), and with a variety of

leaving groups. Steady state parameters for hydrolysis of

uncertainty, as that of peptid suggesting a common rate- these substrate; are listed _in Tgble 1. As noted previously
determining step, which must be hydrolysis of the acyl (7—10), the peptidoglycan-mimetic substrates generally have
enzyme intermediate. Second, another manual mixing fluo- Nigherke values and loweK, values than the nonspecific
rescence experiment did indicate an initial fluorescence €xamples. It is interesting to note, however, that the
quenching, which then disappeared as the substrate wagleacylation rate constants, of nonspecific substratésand
hydrolyzed. Finally, the relevance of thea-hydroxy acid 7 (18) are comparable to those &f-3. This indicates that
acceptor experiment was called into question when it was the peptidoglycan-mimetic nature of the latter compounds
shown that neithep-lactate nom-phenyllactate accelerated IS expressed in the acylation stéafKn = ko/Ks (Scheme
the hydrolysis of3; this unexpected result is examined in 5)], where the leaving group is present, rather than in the
detail later in this paper. degcylan_on step. The transition state fo_r aogthzyme

To finally convince ourselves of the validity of the more @minolysis k) would, of course, be identical to that of
recent conclusion, we have now conducted a stopped-flow acylation of the enzyme by a peptlde. Specific binding sites
fluorescence experiment in which we reactedwith an for the acyl group and the leaving group have bgen observed
enzyme concentration higher than that which was possible crystallographically, 10, 26); they presumably interact to
with the manual mixing experiment described above where Pring about the kinetic effect noted abowr).
artifacts from mixing were difficult to eliminate. The result ~ The solvent deuterium kinetic isotope effects on V
of a typical experiment of this type (several were carried (representing, as discussed above, the deacylation transition
out at concentrations dfof 50, 100, and 20@M) is shown state in all case$—6) for hydrolysis of the substrates at pH
in Figure 1. This shows the presence of a step involving 7.5 by the R61 DD-peptidase are given in Table 2. These
partial quenching of the enzyme fluorescence, already solidly normal values suggest general base catalysis for the
complete within the mixing time of the instrument (4 ms; deacylation reaction, as might be expected. The values for
the pseudo-first-order rate constant of acylation would be the specific substrates appear to be somewhat lower than
expected to be determined from the relatef8]/Ks = Kear for the nonspecific substrates, suggesting less proton motion
[SI/Km = 860 s'), followed by a slower regeneration of the in the transition state, but the difference is not large.
enzyme as the substrate was turned over. These data wer€ompound< and3, which contain the same acyl group, as
fitted to Scheme 6 [values &, andK, of 7.9 and 16Q:M, do4 and5, should give the same isotope effects within each
respectively, were assumed)], yielding ak. value of 97 pair. In fact, they appear slightly different in each case,
+ 10 s'L. This value agrees well with the steady state value although not significantly beyond experimental uncertainty.
of 69 + 14 s'! from initial rate measurement3)( Thus, we A similar solvent isotope effect also suggested general base
assumed for all subsequent experiments that deacylation iscatalysis in the acylation of the R61 DD-peptidase by
rate-determining for peptidé, as it is for depsipeptid8. nonspecific peptide (18).
Apparently, the presence of the peptidoglycan-specific side  For further insight, proton inventories were also taken for
chain in1 promotes acylation to such an extent that, unlike 1, 3, and4. These all showed concave down, “dome” shapes
with nonspecific peptides such &s deacylation becomes  (Figure 2). Although there are several possible interpretations
the slowest step under conditions of substrate saturation. of such curves48, 29), generally difficult to distinguish,

To learn more about the deacylation mechanism, and one model generating self-consistent fits to the present data,
specifically about the deacylation transition state, we chose and consistent with previous work on this enzyme, involves
substrated —6 for further study. These include molecules a combination of offsetting reactant state and transition state
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Table 4: Deuterium Solvent Kinetic Isotope Effects on Aminolysis
of Depsipeptide3?

acyl acceptor D20k,

p-alanine 2504

Gly-L-Ala 2.1+ 0.4 (1.07+ 0.21)
~— Gly-L-Phe 2.2+ 0.6 (0.90+ 0.19)
2 aminomalonN-ethylamide 2.8:0.4
~ a All measurements at pH 7.5 except where noteat pH 8.9.
o
()
< smaller in the free enzyme than in the aeghzyme

>° intermediate; the issue of a neutral aclthse pair versus a

zwitterion has been discussetB( 31).

It might be noted in passing that the solvent deuterium
kinetic isotope effects oN/K for 2—4 were also measured
as 0.96+ 0.18, 0.93+ 0.14, and 0.94t 0.05, respectively.

0.5 . . s ! Those are similar to these previously determintg) or 5
0 02 04 06 08 1 (0.85 & 0.06) and7 (0.89 & 0.06) and suggest that the

Noso acylation transition ;t_ates of specific substrat(_as are similar

FiGURe 2: Proton inventory (initial rate, measured in absorbance to those of nonspecific substrates; the (most “kely). |nv§rse

units at 240 nm/s, vs mole fraction o0 in the solvent) for the  values reflect the effect of the free enzyme fractionation

hydrolysis of3 (95 uM), catalyzed by the R61 DD-peptidase (5.4 factor, discussed above and in the previous papé): (

nM). More important than the carboxypeptidase reaction, to

bacteria at least, is the transpeptidation reaction, also

Table 3: Fractionation Factors of Protons Involved in Hydrolysis of  catalyzed by DD-peptidases (Scheme 1), including the R61

the Acyl-Enzyme Intermediate enzyme 9, 10, 24, 25). To learn more about the transpep-
substrate b A tidation reaction, we took measurements®efk,, as de-
1 0.404+ 0.06 0.84+0.11 scribed in the Experimental Procedures, for several effective
3 0.36+ 0.07 0.66+0.12 small molecule acceptors. As expected from the relevant
4 0.37+0.05 0.64+0.09 peptidoglycan structure, bottvamino acids and glycyil-

amino acid dipeptides act as acceptd®s 10, 32). In the
fractionation factors, as indicated by the Gro8atler work presented here, we employedalanine, Glye-Ala,

equation (eq 2), Gly-L-Phe, and aminomaloN-ethylamide; the last two of
these were particularly effective as acceptors, and the
vy = (1 —n—ng")/(1 — n— ng%) 2) question of different transition states between these and the
poorer acceptors arose) ( Solvent deuterium kinetic isotope
whereu represents the initial velocity inJ0, v, is the initial effects obtained for the transpeptidation reaction of specific

velocity in a solution containing D at mole fractiom, and depsipeptide are reported in Table 4.

&} and & are the fractionation factors of a proton (not At first glance, thePk, values, averaging around 2.6,
necessarily the same one) in the reactant and transition statesuggest a proton or protons in motion and the likelihood of
respectively. It might be noted here that the likelihood ratio general base catalysis. However, it must be taken into account
test @0) confirmed that eq 2 fitted the data better (99% that, at pH 7.5, the acceptor amines are largely nitrogen
confidence) than a linear (single-proton) equation. The fit protonated. Studies of the effect of pH on the aminolysis
of eq 2 to the proton inventories &f 3, and4 generated the  reaction showed thak, increases with pH 10), which
fractionation factors listed in Table 3. The qualitatively suggests, reasonably, that the reactive forms of the acceptors
important conclusion is that these values for the three are the free amines. It is interesting to note in this regard
compounds are essentially the same within experimentalthat a crystal structure of a complex of the R61 DD-peptidase
uncertainty. This shows that the deacylation transition stateswith 1 at pH 6.8 shows bound products, includimglanine

for these compounds, two of them (one a peptide and the(26). The amino nitrogen of this-alanine does not appear
other a thiodepsipeptide) representing specific substrates ando be hydrogen-bonded to either the protein or water
one nonspecific, are virtually the same, at least with respectmolecules. This would suggest a neutral amine bound rather
to proton motion. The transition state fractionation factor of than one that was protonated, where strong hydrogen bonding
ca. 0.4 is consistent with the motion of a solvent exchange- to the ammonium ion would be expected. The situation at
able proton in the transition state, as would be expected forpH 7.5 for the experiments of Table 4 should therefore best
general base-assisted attack of water on the-emytyme  be represented as in Scheme 7, and thus, egs 3 and 4 would
intermediate. The reactant state fractionation factor of ca. follow if pH < pKa.

0.7 is unusually low for an exchangeable proton but evokes

the finding of a similar proton in the free enzyme, which k2= kK, (3)
was suggested to derive from a tight Lys6bByr159
hydrogen bondX(8). Such an arrangement of these residues D20 4°bS: D20 4DzOKa (4)

is certainly conceivable in the acyenzyme intermediate as
well, although some difference must be present since the For acids in generaR®pK, = 0.54 + 0.07 orP°K, =
fractionation factor of the reactant proton is considerably 3.47 £6). To confirm this for an amino acid, we measured
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Scheme 7 1.2 T T T T T T
Ky

E + PNHR

RNHg* RNH, + E-S

D:0K , for glycine and obtained a value of 3.5. Thus, from eq

4, b0, = 0.74. Finally, if #5= 0.7 (from above), bfor

the aminolysis transition state would be given By/%0k,

(= 0.95). Thus, contrary to initial impressions, there appear

to be no protons in motion in the aminolysis transition state. ~ >°
This conclusion is supported by the measurementsX, >
for Gly-L-Ala and Gly+-Phe at pH 8.9 where both would
contain neutral amines; the°k, values, under these condi-

tions, were 1.07 and 0.90, respectively (Table 4). TR,

values for Glyt-Phe and aminomaloN-ethylamide are
essentially the same as those fealanine and Gly-Ala.

The transition states for the better acceptors (the former pair)

[e]

are thus similar, with respect to proton transfer at least, to 0.2 ! L . L L L
those for the poorer acceptors (the latter pair). 0 001 002 003 004 005 006 007
The results of the previous paragraph suggest the ami- [D-Mandelate] (M)

nolysis mechanism of Scheme 8, which describes formation Figure 3: Inhibition of the R61 DD-peptidase-catalyzed hydrolysis
and breakdown of a tetrahedral intermediate, where the of 3[100uM (O)] and6 [5.0 mM (d)] by b-mandelate; the enzyme
proton transfers, presumably catalyzed by active site acidsconcentrations were 5.0 nM and 0.4BI, respectively. The lines
and bases E-BHand E-B, respectively, accompany the represent fits of the data to Scheme 3 (see the text).
breakdown step. If the proton transfers are efficiently 800
catalyzed such thak, > k-, then the formation of the

tetrahedral intermediate(step) will be rate-determining.

Since the [, of the amine will not be significantly decreased 600 -
in the formation of the tetrahedral intermediate, proton
transfer to a base need not accompany this &8p A direct
analogy from the literature is found, for example, in the study
by Bruice et al. of the aminolysis of phenyl acetatd$)(
They observed solvent deuterium kinetic isotope effects of
1.0+ 0.1 and concluded that nucleophilic attack by amine
was rate-determining. The transition state for the reverse
reaction, acylation of the enzyme by a peptide, will, of
course, be the same; i.e., the rate-determining step will be /
breakdown of the zwitterionic tetrahedral intermediate after 200 ! !
rapid nucleophilic attack and proton rearrangement. This 006 -0.04  -0.02 0 002 004 006
situation seems less common for the aminolysis of other [D-Hexahydromandelate] (M)

acy-enzyme intermediates since kinetic isotope effects Figure4: Inhibition of the R61 DD-peptidase-catalyzed hydrolysis
suggest proton motion in the deacylation transition states of of 3 [30 (O), 50 (+), and 10QuM (a)] by b-hexahydromandelate.
chymotrypsin 85), liver transglutaminase3g), and kidney The intersecting pattern of lines represents a simultaneous fit of
y-glutamyltranspeptidassT). all of the data to Scheme 3 (see the text) and indicates mixed

. . . inhibition.
Since water an@-amino acids are good acceptors for the inhibition

acyl groups of acytenzyme intermediates derived from the  more weakly that thep-enantiomer. A more detailed

R61 DD-peptidase, it might be expected tbati-hydroxy  jnvestigation witho-hexahydromandelate revealed that the
acids would also have significant acceptor ability. Indeed, inhibition was of the mixed variety (Scheme 3); the
Jamin et al. 24) showed that this was true forlactate and  intersecting lines of Figure 4 clearly exclude competitive

T T T T

400

200

[SW, (s)

p-mandelate when the nonspecific thiolest@end10were inhibition (23).

employed as substrates. We were surprised, therefore, to find

that neithep-lactate nob-phenyllactate accelerated turnover PhCONH PhCONH

of 3 or produced the expected acyl transfer produ®s ( 9 J\s 10 lsy

Figure 3 shows the effect af-mandelate on the turnover © jCOZ- © coy

rate of3 and6 under [S]> K, conditions when deacylation

is rate-determining. To assess the degree and nature of the competitive

p-Mandelate is clearly an inhibitor. Such inhibition by component of this inhibition{; in Scheme 3), the ability of
D-lactate,b-phenyllactate, and-hexahydromandelate was several compounds to inhibit the reaction between the
also observed;-phenyllactate also inhibited the reaction, but enzyme and g-lactam was determine¢i-Lactams react

Scheme 8
o (o}

T+ ko T
EO-C-NH,R" —— EO-C-NHR'
K4 R - !

K4 kS

BH*

R'NH, + E-OCOR

E-OH + RCONHR'
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1.1 T T T T T T

Table 5: Rate and Equilibrium Constants for Reactions of the R61
DD-Peptidase with Hydroxy Acids

substrate acceptor/inhibitor  Kj (mM)  Kg(mM) kq(sTM™Y

3 p-mandelate 11.61.2 153+1.3 <10P

3 p-phenyllactate 17.8 4.7 16.0+£1.7 =<103P

3 p-hexahydromandelate 7824 41+7 <10b

3 glycolyl-L-Phe 19.3-4.6 32.3+3.1 <1C%P

3 p-o-phenylpropionate  15.% 3.1 50+ 10

6 p-mandelate 11.61.2 <60 <1 _2"
42 p-mandelate 11.61.2 9.5+4.7 1500+ 200 >
52 p-mandelate 11.61.2 9.5+4.7 1500+ 200

2 Data fitted simultaneously (Figure $)Maximum values that would
not substantially affect the fit to the data; for perspective, the value of
ks for b-Phe, under the same conditions, is cax 4.0* s M~ (9).

0.007 T T T T T T T

0.3 Il 1 Il 1 1 1

0.006 0 001 002 003 004 0.05 0.06 007

[Inhibitor] (M)

Ficure 6: Effects of glycolylt-Ala [12 (O)] and glycolyli-Phe
[13(O)] on the turnover oB (100uM), catalyzed by the R61 DD-
peptidase (5.0 nM). The lines represent fits of the data to Scheme

0.005

0.004 3 (see the text).
(o]
g acceptors. This assignment was confirmed by NMR
0.003 . : . . .
experiments, carried out as described in Experimental
Procedures. NMR spectra of reaction mixtures consisting of
0.002 4 or 5 with b-mandelate showed the presence of acyl transfer
productll[the mandelate ester distinguished by the methine
0.001 singlet resonance at5.7, cf.6 4.8 for mandelate itselfl3)].
' This mandelate ester was itself a poor substrate of the enzyme
and disappeared slowly after all of teor 5 had been
0 ' ' ! ' L L ' consumed. In contrasb-mandelate appeared to be only an
0 0ot 002 003 004 005 006 007 008 inhibitor of turnover of 6 by the DD-peptidase; nm-
[D-Mandelate] (M) mandelate ester was observed in the NMR spectrum of
Ficure 5: Effect of b-mandelate on the turnover &f[2.0 mM mixtures of6 with the enzyme.
()] and5[2.0 mM (O)], catalyzed by the R61 DD-peptidase (0.54
and 0.44uM, respectively). The lines represent a simultaneous fit PhCH,CONH

of all of the data to Scheme 4 (see the text). ;\ b Ph

essentially irreversibly with the R61 DD-peptidase [hydroly- noo O%Coz-

sis of the acyl-enzyme intermediate is very slow)], and

inhibition of this process would most likely reflect direct Gly-L-Xaa dipeptides are also, as noted ab&yd (, 32),
competition for the active site. In fach-mandelate, for  effective acyl acceptors for all of the substrates employed
example, did inhibit reaction of the enzyme with dansyl- in these experiments. One might, therefore, expect that
penicillin, yielding, by the method described in Experimental analogous hydroxy compound$? and 13, for example,
Procedures, &; value of 11.6+ 1.2 mM. When the data  would be acceptors. Reality, again, was different. The

for inhibition of the hydrolysis o8 and6 by p-o-hydroxy derivative,13, inhibited the hydrolysis 08, 5, and6, while
acids and analogues were fit to Scheme 5 (see Figure 3, for12 had very little effect on any substrate (e.g., see Figure
example), where values oK; were derived from the ),

dansylpenicillin experiments described above, valuds.pf

for several inhibitors were obtained (Table 5). NH_ L _R
The effect ofb-mandelate on turnover @ and5 by the HO/\H/

R61 DD-peptidase was quite different from that on turnover e] COy

of 3 and6, described above. Data obtained with the former 12: R = CH,

substrates are shown in Figure 5. In these cases, the rate of 13: R= CH,Ph

turnover increased at low hydroxy acid concentrations but

decreased, reflecting inhibition, at higher concentrations. The interesting generalization from the experiments with
These data were therefore fitted to Scheme 4 (where, ashydroxy acceptors described above is thatgke-hydroxy
before, K; was fixed at the values obtained from the acids appeared to act as acyl acceptors for glycyl substrates
dansylpenicillin experiments). The fitting parameters from 4 and5 but not for the presumably more specifiealanyl

this procedure are also found in Table 5. The increase incompounds and6. Further, dipeptide analogu& and13

rate at low hydroxy acid concentrations was, according to did not act as acceptors for any of these substratespidie
Scheme 4, ascribed to the action of these compounds as acythydroxy acids and 3 did, however, act as mixed inhibitors
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of hydrolysis of these substrates (Table 5), most likely peptidoglycan-mimetic side chain, the rate-determining step
competing with the substrate for the active site, but also of the deacylation reaction probably remains the same. This
binding elsewhere on the aeyénzyme intermediate, affect- suggests that the effect of the specific side chain is transmit-
ing turnover. This second site could be the acyl acceptor ted uniformly along the reaction coordinate; certainly, this
site, although the presence of separate small molecule bindings in accord with structural evidence which shows that the
sites on this enzyme, with inhibitory activity, has been polar side chain terminus df seems firmly bound in all of
previously demonstrated @, 14, 25). Structural characteriza-  the reaction coordinate analogue structures obtained to date
tion of the latter site(s) has not yet been achieved. It should (26, 27, 39). The transition states for formation of the
also be noted at this stage that the hydroxyl group of the tetrahedral intermediate in hydrolysis and alcoholysis (by
hydroxy acids is not required for inhibition on binding to bp-a-hydroxy acids) contain a general base catalyst, while
either the competitive or uncompetitive site. Baih-a- those for aminolysis do not; in the latter case, rate-
fluorophenylacetate armta-phenylpropionate (Table 5) also  determining formation of the tetrahedral intermediate, without
inhibited turnover of 3 in a mixed fashion, although accompanying proton transfer, is probably followed by fast
somewhat more weakly thammandelate. proton transfer, presumably catalyzed by the acid/base
Further insight into the issue of hydroxy acid acceptors functional groups of the active site (Lys67 and Tyrl59).
was obtained through measurements of solvent deuteriumAlcoholysis of acyt-enzyme intermediates derived from
kinetic isotope effects oly values foro-mandelate as an  p-alanyl substrates by hydroxy acids does not occur at a
acyl acceptor with substrafe The value obtained at pH 7.5 measurable rate, although that of glycyl substrates does. This
was 2.5+ 0.5. This shows that the hydroxy acemandelate, result may reflect the inability of a nucleophile approaching
like water and unlike amino acids, requires a general basethep-alanyl reaction center to access the general base catalyst
catalyst in the transition state for deacylation of the enzyme. during nucleophilic attack, while one approaching the more
This is not unexpected since the hydroxyl proton would flexible glycyl center does have this ability. We hope to apply
become very acidic as nucleophilic attack progressed, unlikethis knowledge of mechanism to the further design of
the situation for amine attack (Scheme 8). It seems that thistransition state analogue inhibitors.
general base, although not needed in the formation of the
aminolysis tetrahedral intermediate, although it probably REFERENCES
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