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ABSTRACT. f-Secondary and solvent deuterium kinetic isotope effects have been determined for the steady-
state kinetic parametel&/K andV for turnover of a series of acyclic substrates by the DD-peptidase of
StreptomyceR61 and the class @-lactamase oEnterobacter cloaca®99. Although these enzymes are
evolutionarily related and have very similar tertiary and active site structure, they are functionally very
different—the former efficiently catalyzes the hydrolysis/@actams but not acyclic peptides while vice
versa applies to the latter. The measured kinetic isotope effects reveal both similarities and differences in
the steady-state transition states for turnover of the various substrates by these enzymes. In most cases,
inversef-secondary isotope effects were observed, reflecting typical acyl-transfer transition states. With
one substrate, howeven-[[(phenylacetyl)glycylloxy]benzoic acid, isotope effects @K of very close

to unity were obtained for both enzymes. These were interpreted in terms of acylation transition state
conformations where the extent gfCH hyperconjugation was similar to that in the free substrate.
Differences in deacylation transition stat®$ petween the two enzymes with this substrate were interpreted

in terms of different acyl-enzyme conformations. Solvent deuterium kinetic isotope effedt4amere
uniformly small, some even inverse, for both enzymes and with all substrates tested. At face value, this
suggests the counterintuitive conclusion that little proton transfer occurs in acylation transition states in
all of these instances. Closer analysis, however, suggests that for ester and amide (and fiatoadnty)
substrates, this result probably arises from an increase in proton fractionation factors on substrate binding
being offset by their decrease in the acylation transition state. The former event derives from proton
rearrangement on substrate binding and the latter, presumably, from general acid/base catalysis. This
result may be general to gitlactam-recognizing enzymes. The solvent isotope effects also suggest that,
at least for the P9®-lactamase, the acylation transition state of a thioester substrate does not involve
proton transfer. This can be interpreted in terms of the rate-determining breakdown of a tetrahedral
intermediate where no protonation of the leaving thiolate is required. Deacylation transition states of both
enzymes appear to involve significant proton transfer, presumably arising from general acid/base catalysis.

A central issue in the study of-lactam-recognizing  measured thgs-secondary and solvent deuterium kinetic
enzymes is that of evolutierboth the present-day evolution isotope effects for steady-state turnover of a variety of acyclic
of p-lactamases and DD-peptidases leading to bacterialsubstrates1—7, of the above two enzymes. The former
resistance towarf-lactam antibiotics], 2), and the primeval  isotope effect is sensitive to bond-making or -breaking at
evolution of f-lactamases from DD-peptidases @). the scissile acyl group in the transition state, and the latter

An important pair of closely related enzymes that epito- is sensitive to proton transfer in progress in the transition
mizes the difference between falactamase and a DD-  state such as would be expected in the case of general acid
peptidase is that of a class &lactamase (e.g., that of or base catalysis. We have previously used these methods
Enterobacter cloaca®99) and theStreptomycef61 DD- in a comparative study of class A and flactamases
peptidase. These enzymes have very similar tertiary structureemploying ap-lactam substrate as well as the acyclic
and active site compositiorb{7). They have in common  depsipeptidel (12).
the ability to catalyze the hydrolysis of acyclic depsipeptides
(8—10), but differ in that (i) thes-lactamase but not the DD-
peptidase effectively catalyzgslactam hydrolysis and (ii)
the DD-peptidase but not th&lactamase effectively cata-

In the present work, to better compare the two enzymes,
the motif of the acyclic substrate has been extended beyond
the original compoundL, to the thio ester2—4 and the
. . ) peptidesb—7. The thio ester was of interest because such
lyzes acyclic peptide hydrolysid.{). compounds appear to be good substrates of the R61 DD-

TO. compare and c_ontrast and thus to bepter understand thE‘peptidasef(O) and because previous experiments showed that
details of the catalytic features of these active sites, we haveacylation of the P9®-lactamase bawas rate-determining

T This research was supported by National Institutes of Health Grant at saturation3), thus enabling a direct view of the acylation

Al-17986. transition state: under saturating substrate conditions, deacyl-
*0n leave from the University of llorin, llorin, Nigeria. ation of the enzyme is rate-determining in the case @f3).
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(Phenylacetyl)4H,]glycylthioglycolic Acid,2b. Perdeu-
terioglycine hydrochloride was prepared by the method of
Stein et al. {9) as previously described 2), and converted
into N-Boc-[PH]glycine by treatment with di-butyl pyro-
carbonate. Thus, perdeuterioglycine hydrochloride (5.96 g,

%{‘, §§g o 50 mmol) was dissolved in water (40 mL), and the pH of

1b X=D the solution was adjusted to 7.0 i M NaOH. Dioxane
(100 mL) ard 1 M NaOH (50 mL) were then added, and
Ac;LysCONH the solution was ice-cooled with stirring. After addition of
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the pyrocarbonate (12 g, 55 mmol), the mixture was stirred
to room temperature over 2 h. Solvents were then removed
by means of a rotary evaporator. The residue was taken up
into water (50 mL) and ethyl acetate (50 mL) and the
resulting mixture stirred to ice temperature. It was then
acidified to pH 2-3 with 1 M KHSO, and the ethyl acetate
layer removed. The aqueous layer was extracted twice with
40 mL portions of ethyl acetate, and the combined ethyl
acetate extracts were dried over,88, and evaporated to
dryness. The solid product (7.7 g) was characterized as
N-Boc-[PH]glycine by 'H NMR.

N-Boc-[?H]glycine (2.5 g, 18.5 mmol) was dissolved in
[HzJmethanol (100 mL), and the solution was left at room

temperature overnight. It was evaporated to dryness and dried
further under oil pump vacuum overnight. Thioglycolic acid
PhCH,CONH (1.42 mL, 20.4 mmol) was dissolved itHsmethanol under
an atmosphere of N After ca 3 h, the methanol was
J\ removed by rotary evaporation and the residue dried under
0 NQ oil pump vacuum for 30 min. THF was dried over LiAJH
and distilled (100 mL) into a flask containing ti&Boc-
[2H]glycine. The latter dissolved on stirring the mixture
which was then cooled to ice temperature. Carbonyl diimi-
. ) . dazole (3.0 g, 18.5 mmol) was added and the reaction mixture
The thioested was included to assess the effect of changing gtirred at 0°C for 1 h. The deuterated thioglycolic acid,

the side chain from one agreeable to both enzyriidito dissolved in dry THF (15 mL), was then added, and the final
one greatly preferred for amide hydrolysis by the R61 DD- miyiyre stirred at £C for 4 days. After completion of the

peptidase1l, 19. Finally, the peptideS—7 were included  reaction period, the solvent was removed by rotary evapora-
to determine whether differences were evident between thetion The residue was taken up into ethyl acetate (100 mL)
transition states for amide hydrolysis and those of ester 5,4 \washed with 10% citric acid (2 100 mL) and water
hydrolysis. Peptides are not generally hydrolyzed by the P99(2 x 100 mL). The dried (Ns5Q,) solution was then
f-lactamase at any appreciable rate, butNh&cylaziridine evaporated to dryness, yielding an oil (3.36 g) whéde
7, because of its chemicgl rea_ctivity a_nd sham_}a presence  NMR spectrum [([GHCLs) 6 1.48 (9H, s, tBu), 3.71 (2H, s,
pfatetrahedrqd?—lactam—llke nitrogen in the scissile bord CHy), 5.08 (1H, br s, NH)] identified it as the required
is a substrate of both enzymeks. product,N-Boc-[2H,]glycylthioglycolic acid.
N-Boc-[?H,]glycylthioglycolic acid (1.29 g, 6.3 mmol) was
dissolved in CHCI, (4.5 mL) and the solution cooled to ice
Materials. The -lactamase oEnterobacter cloaca®99 temperature with stirring. Trifluoroacetic acid (44.5 mL) was
was purchased from the Centre for Applied Microbiology then added and the solution stirred to room temperature over
and Research, Porton Down, U.K., and used as received. Thel h. After removal of solvents by rotary evaporation, the
DD-peptidase fronStreptomyce®61 was generously pro-  product (PHo]glycylthioglycolic acid) was dried under oil
vided by Dr. J.-M. Free of the University of Lige, Ligge, pump vacuum for 30 min. The residue was taken up into
Belgium. The concentrations of stock solutions of the water (15 mL) containing NaHC£X1.68 g, 20 mmol). A
p-lactamase and DD-peptidase were obtained by employmentsolution of N-phenylacetoxysuccinimide (1.4 g, 6.3 mmol)
of published extinction coefficients, 7.4 10* M~ cm™® in dry acetonitrile (9 mL) was then added dropwise to the
(17) and 3.9x 10* Mt cm™! (18), respectively.m-[[N- stirred aqueous solution at room temperature and the final
(Phenylacetyl)glycylloxy]benzoic acith and its specifically mixture stirred for a further 1.5 h. After the acetonitrile was
dideuterated analogume-[[ N-(phenylacetyl)4H;]glycyl]oxy]- removed by rotary evaporation, the remaining aqueous
benzoic acidlb were available from the previous study solution was extracted with ethyl acetate X310 mL) and
mentioned in the introductioril@). Deuterium oxide (99.9  then acidified to pH 1.5 wit 1 M HCI. The ensuring opaque
atom %°2H) and sodium deuteroxide (40 wt %) solution in  solution was extracted with ethyl acetatex3L0 mL). The
’H,O (99.9 atom %?2H) were purchased from Aldrich  combined ethyl acetate extracts of the acidified solution were
Chemical Cob-Phenylalanine and-leucine were obtained  washed with water, dried over Mg3Qand evaporated to
from Sigma. dryness, yielding 0.55 g of crude product. This material was
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purified by flash chromatography (¥ 10 cm silica gel acetic anhydride (0.83 mL, 8.8 mmol) and the reaction
column, eluted with ethyl acetate/hexane/acetic acid, 10/9/1allowed to proceed at 0C for 3 h. The reaction mixture
v/v) and by recrystallization from the same solvent mixture. was then evaporated to dryness under vacuum, and 30 mL
The final yield was 160 mg, mp 108C. The product was  of water was added and reevaporated. The residue was dried
characterized by itsSH NMR [(C?HCI3) 6 3.69 (2H, s, overnight under oil pump vacuum. The crude product was
PhCH), 3.73 (2H, s, CHS), 5.98 (1H, br s, NH), 7:27.5 dissolved in the minimum volume of water (ca. 15 mL) and
(5H, m, ArH)] and mass spectrum [ESM@/e 292.1]. loaded onto a 24 1.8 cm Dowex 50x 4-400 ion exchange
Integration of the small glycyl methylene peak 4.22) in column (H" form). The product, eluted with water, appeared
the 'TH NMR spectrum indicated a protium content of 4%. in fractions (3 mL) 35-50. These were pooled and freeze-

The dihydro analogue (phenylacetyl)glycylthioglycolic dried to give 0.82 g of the product. It was characterized by
acid, 2a, was prepared by direct condensation of (pheny- its *H NMR [(?Hs-DMSO) 6 1.27 (3H, d,J = 7.3, CH),
lacetyl)glycine and thioglycolic acid by a procedure directly 1.2—1.7 (6H, m, (CH)3), 1.79 (3H, s, CHCO), 1.85 (3H, s,
analogous to that used previously for the synthes&(a#). CH;CO), 3.00 (2H, quart) = 6, AcCNHCH,), 4.17 (1H, quint,
The product was recrystallized from ethyl acetate/hexane/J = 6, CHCH;), 4.22 (1H, quartJ = 7.3, CHCH), 7.79
acetic acid (10/9/1 vlv), and exhibited a melting point of (1H, br, NH), 8.04 (1H, br, NH), 8.07 (1H, br, NH), 8.16
105-106 °C, an ESMS peak atve 290.1, and dH NMR (1H, br, NH), 12.53 (1H, br, C&H)] and mass spectrum
spectrum essentially identical to that2if with the addition [ESMSnm/e 361.2]. Integration of the small glycylmethylene
of a two-hydrogen doublet, representing the glycyl resonance,peak ¢ 3.6) in the'H NMR spectrum indicated a protium
ato 4.22. content of<1%.

N,N-Diacetyllysyl-EH;]glycyl-p-alanine,5b. N-Boc-[PH,]- The dihydro analogu®&a was prepared in an identical
glycine, p-alaninetert-butyl ester hydrochloride (Bachem), fashion from di-Boc-lysind-hydroxysuccinimide ester and
and 1-hydroxybenzotriazole were deuterated at exchangeableommercial glycylp-alanine (Bachem). The product exhib-
positions by dissolution irfH;Jmethanol as described above ited a'H NMR spectrum essentially identical to that i
and dried prior to usé\-Boc-[H]glycine (0.97 g, 6.2 mmol)  with the addition of a two-hydrogen double AB quartedat
and 1-hydroxybenzotriazole (0.97 g, 6.2 mmol) were added 3.51, 3.74 § = 6.3, 17.4), and a ESMS peak rate 359.2.
to a suspension af-alaninetert-butyl ester hydrochloride Steady-State Kinetic MethodBhese were essentially as
(1.3 g, 6.2 mmol) in dry THF (10 mL), and the mixture was described in detail previoushL?, 13. The enzyme-catalyzed
stirred to ice temperature. Dicyclohexylcarbodiimide (1.55 reactions ofl—7 were spectrophotometrically monitored at
g, 6.2 mmol) was then added, followed Kyethylmorpholine 300 nm Ae = 950 M~ cm™) or 290 nm Ae = 1760 M®
(0.80 mL, 6.2 mmol), and the final mixture was stirred at 0 cm™t), 280 nm Ae =52 M1 cm1), 350 nm Ae = 2.74 x
°C for 1 h. After further stirring of the reaction mixture to  10°M~!cm™?), 350 nm Ae = 2.74 x 10° M1 cm™?), 238
room temperature over 1 h, dicyclohexylurea was removed nm (Ae = 27 M™% cm™?), 238 nm Ae = 27 M~! cm™Y),
by filtration and the filtrate freed of solvent by rotary and 230 nm (695 M! cm™?), respectively. The hydrolysis
evaporation. The residue was taken up into ethyl acetate (30of 3 and4 was monitored by release of 4-thiopyridone from
mL) and the solution washed with saturated aqueous 4,4-dipyridyl disulfide (1 mM) in the presence of 0.1 mM
NaHCG; (2 x 20 mL), 10% citric acid (2x 20 mL), EDTA (11). All enzyme kinetic experiments were performed
saturated NaHC®(20 mL), and water (20 mL). The ethyl at 25°C in 20 mM MOPS buffer at pH 7.5, unless otherwise
acetate solution was then dried over Mg&@d the solvent  stated. Theé, value for5 was obtained from measurements
removed by evaporation, leaving the produtBoc-[?H,]- of the extent of inhibition byb of the hydrolysis ofl.
glycyl-p-alaninetert-butyl ester, as an oil (1.61 g). THel Methanolysis and aminolysis kinetics were also performed
NMR spectrum supported the identification of the material as previously described. 8, 1§. Methanol concentrations
as the required product: ¢t8Cls) 6 1.38 (3H, d,J = 6, of up to 3.0 and 1.5 M were employed for the P99
CHs), 1.49 (18H, st-Buy), 4.47 (1H, quint,J = 6, CH), p-lactamase and the R61 DD-peptidase, respectively. Reac-
5.09 (1H, br, NH), 6.60 (1H, br, NH). tions of 1 (5 mM), 2a (25 mM), 3 (9.9 mM), and6 (20 mM)

[°H,]Glycyl-p-alanine was then obtained by removal of were studied in the presence ofphenylalanine and/or
the tert-butyl protecting groups by trifluoroacetic acid b-leucine (G-30 mM).
treatment in an identical fashion to that described above in  Kinetic Isotope EffectsThese were determined from
the preparation of glycylthioglycolic acid. Also as for the spectrophotometrically determined reaction rates, largely as
analogous reaction described abovii,[glycyl-p-alanine described in detail in a previous papé&g). The hydrolysis
was reacted withN,N'-diBoc-lysine N-hydroxysuccinimide of 2—4 in these determinations was monitored by release of

ester (Bachem) in aqueous acetonitrile to proddgh!- 4-thiopyridone from 4,4dipyridyl disulfide as described

diBoc-lysyl-PH]glycyl-p-alanine. above. This procedure was found to give better precision
Finally, the N,N-diacetyl compound was obtained by than did direct observation of the thio ester absorption. The

removal of thet-Boc groups fromN,N-diBoc-lysyl-[?H;]- p-secondary kinetic isotope effects for hydrolysisSoby

glycyl-p-alanine by trifluoroacetic acid treatment as described the R61 DD-peptidase were obtained from single-point
above and acetylation of the consequent diamine by thedeterminations of reaction progress ati®% of completion.
procedure of Nieto and PerkingQ). Thus, 1.74 g (3.6 mmol)  Thus, reaction mixtures containing enzyme (M) and

of the Boc-protected compound was treated with trifluoro- substrate (1.0 mM) were quenched at this stage (ca. 6 h) by
acetic acid, and the product of the deprotection reaction wasimmersion in boiling water for 2 min. Produptalanine was
dissolved in a mixture of water (18.5 mL) and dioxane (18.5 then determined by a colorimetric methatl). The kinetic
mL). After the solution was cooled to T@C, triethylamine isotope effect was then obtained directly from the product
(4.07 mL, 29 mmol) was added with stirring followed by ratio.
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Scheme 1 more closely approximatingk, or ks. This point can be
R o R decided for these enzymes by application of alternative
H,0 HXR/Ar(CO2) + H . w nucleophiles, typically methanol @ramino acids 13, 25.
oy If keat = ks, the observed reaction rate at high substrate
o XR/Ar(COy) P, P, concentration should increase with nucleophile concentration,
whereas k.o = ko, this should not be true. The information
Scheme 2 available on this point is also presented in Table 1. As part
kz ES 4 p. 2 E+P of the present work, employment of the nucleophile
Ees=— B T : phenylalanine has established (data not shown)khat=
ok ks for the R61 DD-peptidase-catalyzed hydrolysisladind
Kea = k22+3](3 Kin =K ks / (ky + k3)] Keae/ Kin = kp / Ky 2. Experiments withp-leucine and the DD-peptidase with

peptide6 established thdt..: = k» in this case, a conclusion
in accord with previous experiment26). Finally, studies

of catalysis by the P9%-lactamase in the presence of
methanol indicated thd(.,. is more closely represented by
k. than byks for the substrat® (see further discussion of

The g-secondary kinetic isotope effect for the alkaline
hydrolysis of2 was determined from pseudo-first-order rate
constants obtained in 10 mM sodium hydroxide soluti@n (

= 1.0, KCI). The reactions were monitored spectrophoto- ™2 . .
metrically at 250 nm. this case below, however). Other assignments presented in

pH—Rate Profiles for the P9g-Lactamase-Catalyzed Table 1 arise from previously reported experimetts (L.

Hydrolysis ofl and 2. Spectrophotometric rate constants It is noticeable that in the hydrolysis & by the P99
underV/K conditions €0.1K,) were determined in a mixed f-lactamase neithée, nor ks solely determinesca (Kea for
buffer containing 20 mM each of pyridine, MES, MOPS, 2is 54 s whereas is believed fromk, for 1 to be 125
HEPES, and AMPSO. An ionic strength of 1.0 M was s%). A calculation employing the expression fé, in
maintained with NaCl. A classical bell-shaped curve (one Scheme 2 yielded a value & for 2 of 95 s1. A similar
acid, one base) was fitted to the profiles by means of a caveat applies t8, but the difference betwedg, andk; in

nonlinear least-squares fitting program. this case is negligible for the present purposes.
B-Secondary Kinetic Isotope Effecss described in the
RESULTS AND DISCUSSION introduction, these would be anticipated to be inverse for an

acyl-transfer reaction, the actual magnitude providing an
estimate of the degree of loss of hyperconjugation of the

The compoundd.—7 are substrates of both trtrepto- B-hydrogen atoms in the transition state and hence of the
mycesR61 DD-peptidase and tHenterobacter cloacaP99 yaroger
degree of its tetrahedral character. For exampleStkec-

p-lactamase. Both enzymes catalyze the hydrolysis of these d Kinetic i kaline hvdrolvsis f
compounds, releasing the C-terminal leaving group(SchemeOn ary. Inetic isotope on a aine nydrolysis af was
1). Steady-state parameters for the turnovelr 6f7 by these determlngd to be 0'9.2£ 0.011. This valye 1S very close to
enzymes are shown in Table 1. Data are not shown forthat prewously obtalne_d fot (1_2) and indicates that the
peptidess and6 with the S-lactamase since these reactions transition s_tate for _thls reaction closely resembles the
were too slow for their rates to be determined with precision; etrahedral intermediate.2).
the acylaziridine7, however, is both a peptide and a The -secondary kinetic isotope effects obtained for the
B-lactamase substratd 6). It will be assumed that these enzyme-catalyzed hydrolyses of compoudg, and5 are
enzyme-catalyzed hydrolyses proceed by way of the reactiongiven in Table 2. Very similar transition states with respect
Scheme 2, where ESepresents the covalent acyl-enzyme to tetrahedral character were thus indicated for acylatén (
intermediate known to be formed with both of these enzymes K) of the enzymes by the thioldepsipept@land of the R61
(7, 22—-24). Most of the trends in the data of Table 1 have DD-peptidase by the peptide The reference ground state
been previously notedl{, 16. for these transition states is free enzyme and free substrate
It was important to determine for many of the substrates so these results can be directly compared with those for
whether acylation of the enzyme or deacylation is rate- alkaline hydrolysis. Such a comparison suggests a less
determining at saturation, i.e., whethieg, is equal to, or tetrahedral structure for the transition state of these enzyme-

Table 1: Steady-State Parameters for Hydrolysi4¢-e7 by the R61 DD-Peptidase and the P9®actamase

enzyme
R61 P99
substrate Keat (573 Km (MM) KealKm (STM™Y) Keat(S™3) Km (MM) KealKm (STM™Y)

1 1.51+ 0.09 0.76+0.11 2.0x 10° 1259 0.23 5.43x 1(PP

2 2.16+0.1# 1.454+ 0.26 1.49x 1¢° 544 2n 8.0+0.8 6.71x 10°

3 3.2849 0.57% 5.8x 103¢ 22.Fh 3.F 6.7 x 103¢

4 5.93d 1.544d 3.9x 103 ¢d 5.08 6.6% 7.6x 1(?¢

5 0.334+ 0.01 17.8+£ 2.9 18.5 - - -

6 345+ 2.9 9.8+15 3.52x 1¢° - - -

7 4,310 7.62f 6.0 x 102 ef 13079 3.4 3.9x 10*¢

220 mM MOPS, pH 7.5, 28C unless otherwise notetiData from Adediran et al.1@). ¢ Data from Xu et al. {4). ¢ 20 mM phosphate buffer,
pH 7.0, 37°C. ¢ Data from Murphy and PrattLg). F0.1 M phosphate buffer, pH 7.0, 3T. 9 ke ~ ks (see text) keat ~ ko (see text).
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Table 2: f-Secondary Kinetic Isotope Effeéts

enzyme
R61 DD-peptidase P9%lactamase
substrate ADVIK #-by ADVIK DV

1 1.0404+ 0.005 (4) 0.947 0.026 (7) 1.002t 0.012 0.9944 0.028
1.013+ 0.020 (4) 0.949t 0.026 (7)

2 0.964+ 0.018 (8) 0.959+ 0.026 (8) 0.952+ 0.016 (6) 1.056t 0.023 (7)
0.971+ 0.020 (6) 0.97@t 0.018 (8) 1.053t 0.028 (7)
0.952+ 0.023 (8)

5 0.959+ 0.013 (5) c c c

0.960-+ 0.021 (7)

aThe values given are means with standard deviations; the number of pairs of kinetic runs are given in parentheses. The values for a given
parameter, enzyme and substrate on separate lines, represent separate experiments with separately prepared enzyme and substiaggasolutions.
from Adediran et al. 12). ¢ Not determined.

catalyzed reactions although a number of factors involving interesting that this complexity is

the nature of the binding site and the conformation of the

bound substrate may also lead to a less inverse isotope effect RCONH RCONH

(12). In particular, as noted in a recent paper by Hess et al.

(27), one such factor is electrophilic catalysis provided by SR
the oxyanion hole.

The measurement 6PV/K for 2 and the P9®-lactamase
is complemented by the measurement 6V for this
combination of enzyme and substrate. As noted abkye,
for 2 with this enzyme is a composite quantity (Scheme 1),
and thug-Pk, must be calculated from eq 1. Given that=
125 st and #Pk; = 0.994 (data froml and the P99
B-lactamase)?Pk, can be calculated to be 1.0950.040:

Ser OH SerO

10 11

concealed withirf°V/K and only evident if eithef-Pk, or
#D(1/Ks) can be separately determined. It might therefore

5ol Kk be true of some or all of the other substrates or with the
B-Dyy = (A) 1) DD-peptidase in cases where such separate determinations
ky + ks could not be made.

Acylation of the two enzymes b¥ also leads to isotope
If AD(ky/Ky) = AP(VIK) = 0.96 and/Pk, = 1.095, then ef_fects and thus_ transition states similar to each other. The
AD(1/K) = 0.88. The results thus suggest a decrease in sllght_ly normal isotope eﬁet_:ts, however, suggest that the
hyperconjugation on binding and an increase on chemical transition st_ate_s are rather different from those derived from
frop— . 2 and5. This situation forl and the P9g3-lactamase has
been discussed previously in terms of an additional nonchem-
ical step prior to the acylation reactioi?). In terms of

reaction. This appears counterintuitive but can be rationa
ized. As previously discussed with respectliothe most
favorable ground state conformation of these depsipeptides X :
; 9 psipep Scheme 2 as it stands however, the results might be
in solution resemble8 or 9 (12). .
, accommodated, by analogy to the proposalZ@bove, in

If, however, the bound conformation resembl&g the terms of a transition state such &2

extent of hyperconjungation of th&CH

RCONH
RCONH
H H
OAr
o
SerO---
(0} X (6] X
H H
H H NHCOR 12
8 9

where a net decrease of hyperconjugation similar to that in
[proportional to co% 6, where6 is the angle between the 11 might be achieved. To achieve a slightly normal value
B-CH bond and the carbonyl carbon p orbitaB)] would of #PV/K rather than the inverse effect as found #ri2
in fact decrease on binding and théi8(1/Ks would be must be somewhat further from tetrahedral tharils A
inverse, as observed. A late transition state sucillas  different degree of electrophilic catalysis by the oxyanion
involving breakdown of the tetrahedral intermediate (see hole may also be a factor. The transition state shown is one
below), could then give rise to the increase in hyperconju- appropriate to formation of the tetrahedral intermediate rather
gation seen in the acylation step xlco 30° > 2 x co$ than breakdown because of the small leaving group effects
60°) and hence to the normal isotope effect lon It is observed for aryl ester substrates of the P9&ctamasel(3).
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Table 3: Solvent Deuterium Kinetic Isotope Efféects

enzyme
R61 DD-peptidase P9%lactamase
substrate POV/K b0V POV/IK Y
1 0.85+ 0.06 (6) 2.56+ 0.19 (6) 0.82 1.44
2 1.04+ 0.04 (6) 2.24+ 0.14 (6) 1.014- 0.02 (6) 1.17+ 0.04 (6)
3 c C 1.07+ 0.02 (6) 1.16+ 0.04 (6)
4 0.874+0.03 (9) C 1.12+ 0.07 (6) C
5 0.94+ 0.06 (4) C c c
6 0.89+4 0.06 (14) 2.70+ 0.16 (10) c c
7 1.174+0.04 (9) C 1.09+ 0.06 (9) C

2The values given are means with standard deviations; the number of pairs of kinetic runs is given in parérbi¢adeom Adediran et al.

(12). ¢ Not determined.

B-Secondary kinetic isotope effects on the deacylation steplittle uncertainty when the leaving group is an amine as in

are availableAPV) for the R61 DD-peptidase and substrates

5—7. Solvent kinetic isotope effects of similar magnitude

1 and2. These suggest typical acyl transfer transition states have been observed for hydrolysisffactams by the P99
with considerable tetrahedral character. The isotope effectsf-lactamase where the leaving group is also an anti@e (

should, in principle, if Scheme 2 obtains, be identical, since
the same acyl-enzyme would be expected frbrand 2.
Within experimental uncertainty, the isotope effects are in
gratifying agreement with this expectation. TheV effect

on 1 with the P99p-lactamase also reflects a deacylation
reaction. Here, however, as noted prevouB),(the isotope
effect is very close to unity. This result was previously
interpreted {2) in terms of the conformation of the acyl-
enzyme which must resembl@ (readily accessible vial)
where the 3-hydrogens only weakly hyperconjugate. A
combination of this interpretation with the present results
with the DD-peptidase leads to the conclusion that the
(phenylacetyl)glycyl derivative of the latter enzyme must
have a significantly different conformation than that of the
P99 -lactamase: a more strongly hyperconjugating con-
formation such a4 might obtain in the DD-peptidase, for
example.

RCONH RCONH
SerO (0]
H SerO H
13 14

Sokent Kinetic Isotope EffectsTable 3 contains the

31). In contrast, definitively normal (1:43.3) solvent isotope
effects have been routinely observed fQgKm (=ko/Ks)
values with serine proteinase$d( 32, 33, where general
acid/base catalysis is very well-established. The total absence
of such catalysis in acylation of-lactam-recognizing
enzymes would be quite surprising. Most candidate mech-
anisms for these particular enzymes certainly involve such
catalysis 23, 24, 33.

Insight into the dilemma posed by the solvent isotope
effects onv/K came from consideration of the corresponding
isotope effect oV for peptide6 and the R61 DD-peptidase.
This value of 2.70 is clearly evocative of general acid/base
catalysis as expected for amide hydrolysis and, furthermore,
corresponds to the rate constdatand its corresponding
transition state. The result is also in accord with &/
measurement on peptidewhere acyl-transfer chemistry is
evident (seg-secondary isotope effects above). Returning
to the solvent isotope effect, however Pk, = 2.70 and
P0V/K = POk,/K = 0.89, thenPO(1/Ks) = 0.33. The two
extreme interpretations of a solvent isotope effect of 0.33
on substrate binding are, in terms of fractionation factors
(35), on the one handp®™s = 1, ¢*S = 3.0, an unlikely
scenario since a fractionation factor of 3.0 is difficult to
imagine @5—37), and, on the other®S= 0.33,¢F5 = 1,
the more likely possibility. It is difficult to see a fractionation
factor of 0.33 for any exchangeable proton in free substrate,
particularly sincel—7 differ significantly from each other
in structure. Hence, a more likely interpretation of the latter

solvent deuterium kinetic isotope effects determined in the extreme would be that @f = 0.33. This result agrees rather
current group of experiments. The most striking result evident hicely with a result obtained by Page et #1) with the

from Table 3 is that th&/K values are uniformly very close

P99 -lactamase. They determined pH-rai¢K) profiles

to unity, and even slightly inverse in several cases. At face for both the hydrolysis and the methanolysis of benzylpeni-
value, this suggests the complete absence of proton motior€illin, and found thatApK, (=pK:"° — pKa"°) had the

in the acylation Y/K) transition state for both enzymes. It is
also common to both side chains, phenylacetyl ahN-
diacetyllysyl. This is very unusual for the transition state of
alcoholysis of an acyl derivative, where one would expect

unusually large value of 0.85, rather than the expected value
of 0.5 35—37), and suggested that the likely reason was in
fact a low fractionation factor in the free enzyme for protons
involved in catalysis. A calculation based on thpK, value

general base catalysis of nucleophilic attack in the formation of 0.85 gives aF value of 0.43 if it is assumed thaf",

of the tetrahedral intermediate and general acid catalysis ofthe fractionation factor of the revelant protons in the low-
leaving group departure in breakdown of the tetrahedral pH and inactive form of the enzyme, is 1.0. These results
intermediate 29, 30. Although there may be some debate then suggest that in the active form of the enzyme free in
over whether thiolate or phenolate leaving groups absolutely solution at neutral pH, active site protons in both the R61
require protonation during departure (see below), there is DD-peptidase and the P98-lactamase may have a net
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Scheme 3 °
Tyr 150 Tyr 150 80
60 —
Lys 67 T e 40 |- \.
O u OH il
ﬁ\/H H\O/Se,é4 N{ _______ g _Ser 64 ? 20 -
H/ § W E\”,
0
A B PN
— 1o —_o_ |
fractionation factor of around 0.4. This situation would thus £ o8 B
affect the solvent isotope effects of all substrates. Certainly, x
POV/K for all of 1—7, encompassing a wide range of different T 06|
leaving groups as well as two side chaihsphenylacetyl ~ /
to N,N-diacetyllysyl, did not substantially change for either 0.4 = ™
enzyme, and the values f@rlactam substrates are similar 0o L /'/
(12, 31. Page et al.31) have suggested that the protons °
involved are those of the ammonium ions of Lys 315 and 0 . é é 7L é g
Lys 67 which are believed to stabilize, by electrostatic
interaction and hydrogen-bonding, Tyr 150 in the phenoxide pH

form (24, 34, 38. Thus, ionized Tyr 150 can then participate  Ficure 1: pH-rate ka/Kr) profiles for hydrolysis of the dep-
as a general base in catalysis (Scheme 3A). This proposakipeptidel (A) and the thiodepsipeptid2 (B).

seems reasonable, at least with respect to Lys 67 and Tyr
150, since direct analogues of these are found at the R61Further evidence on this point is available from Figure 1
DD-peptidase active sited). which shows the pHV/K profile for the P993-lactamase-
The other interesting consequence of this analysis is of catalyzed hydrolysis of (A) and 2 (B). The solid line on
course the finding thap®s = 1 for the R61 DD-peptidase the profile forl is generated by a scheme where activity is
and6. This appears to imply that the low fractionation factors controlled by two functional groups: a base, whose conjugate
of the active site protons are lost on peptide binding, acid has a K, of 6.27 + 0.11, and an acid ofi, 9.26 +
presumably through internal rearrangement. One possibility 0.12. This profile is very similar to that obtained under the
would be conversion to the tautomeric form B (Scheme 3) same conditions in this laboratory for a cephalosporin
where the protons are arranged such that the Lys 67 aminesubstrate wherelas of 5.92+ 0.16 and 9.26t 0.35 were
rather than the Tyr 150 phenoxide functions as the generalobtained 89). In contrast, the profile for2 shows the
base in catalysis. This role of Lys 67 in R61 DD-peptidase requirement for the base, with conjugate adid pf 5.85+
catalysis has been tentatively suggested by Jamin 2)l. ( 0.09, but not for the acid; the data of Figure 1 require that
although completely unambiguous methods for distinguishing any acid X, for 2 must be greater than or equal to 10.8 (the
A and B as the reactive species after substrate binding havesolid line shown represents that for &jof 10.8). This
been difficult to achieve. suggests that an acid functionality is required for hydrolysis
Given these conclusion8°V for 2 (and3) with the P99 of S-lactams and depsipeptides such hsbut not for
S-lactamase should be considered. Application of the solventthioldepsipeptides such @sSince the profile shown is that
isotope analogue of eq 1 & employing®°V = 1.17 and  0f kea/Km, and hence ok:/Ks according to Scheme 2, the
D:0k; = 1.44 (fromPCV of 1), yieldsP0k, = 0.93, a value acid is specifically not required for acylation of tigelac-
very different from that o6 and one suggesting little proton tamase by. Thek../Kn pH—rate profile for the hydrolysis
transfer in the acylation transition state. Further, shee/K of peptide6 by the R61 peptidase has, as expected for an
= D:0k,/Ks = 1.01 (taking the value fo), thenP0(1/Ky) = amide leaving group, requiring protonation, a descending
1.1, and, sincet = 0.4, it follows that¢ES = 0.36. This  limb with pKj of 9.47 @6).
implies no active site proton rearrangement on substrate The requirement of acid catalysis fbyin its turnover by
binding, and perhaps therefore that the reactive tautomer inthe S-lactamase (as indicated by Figure 1A), as well as for
this case is A (Scheme 3). Itis not clear at this stage whetherpeptide 6 (and presumably5 and 7 as well) by the
the difference in this regard observed between the DD- DD-peptidase, suggests th2k, would be significantly
peptidase and thg-lactamase is general or only specific to normal for1 and hence, giveR°V/K = 0.82 andp® = 0.4,
the substrates employed, viz., the pepidend the thiodep-  that ¢&S would be close to unity. Thus, using the rationale
sipeptides2 and 3 for the peptidase angh-lactamase, introduced above, one would argue that the tautomeric
respectively. The proton configuration in the noncovalent equilibrium of Scheme 3 fg#-lactamase-bountiwould also
complex may in fact be substrate- and enzyme-dependentlie in favor of B. This argument is not quite tight, however,
The value ofP%k, obtained for2 and 3 with the P99 and remains an interesting speculation to be tested further.
pB-lactamase gives no suggestion of proton transfer ac- One further experimental result which also distinguishes the
companying acylation. This might be possible if a transition V/K transition states forl and 2 is the effect of 2 M
state such a&l obtained, and if the leaving group did not ammonium sulfate on them. The ratiolgf/K, in buffer to
require protonation as part of turnover. This is quite likely that in buffer also containgn2 M ammonium sulfate is 3.60
for departure of a thiolate, as previously discussgd).( 4+ 0.35 and 5.2@t 0.30 for1 and2, respectively. These are
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sufficiently different to reflect some significant transition conclusion is not correct because of the effects of proton
state difference, perhaps that of proton distribution as rearrangement accompanying substrate bindthg decrease
discussed above. in proton fractionation factors in the transition state of the

Finally, there remains the solvent isotope effects on acylation reaction is offset by an increase during the binding
deacylation Ks). Deacylation of the (phenylacetyl)glycyl step. The latter explanation might also obtain with class A
derivatives of the R61 DD-peptidase, arising from its reaction -lactamases where very small normal or invefgd//K
with 1 and 2, shows a significant effect clearly indicating isotope effects have also been observed Wwitinds-lactams
the presence of proton transfer in the transition state and(12). This situation may be generally true for gHlactam-
thus presumably general acid/base catalysis. This result isrecognizing enzymes in their reactions with peptides and
in good accord with théPV isotope effects (Table 2) which  f-lactams since they all have very similar active site
indicate acyl-transfer chemistry. Much less proton motion components to those found in class A and clags-l&cta-
is indicated by®°V for deacylation of the (phenylacetyl)- mases 40). In the case of the P98-lactamase and the
glycyl derivative of the P9%-lactamase, derived from its  thiolester substrateésand3, a change in proton fractionation
reaction with1. This may reflect the effects of a different factors does not seem to occur on substrate binding, and
orientation of the substrate with respect to the active site hence the conclusion of little or no proton transfer in the
functional groups, as suggested above from interpretationV/K transition state appears to be correct in this case. This
of APV, could be interpreted in terms of a transition state involving

Concluding DiscussionThe results described above have breakdown of the acylation tetrahedral intermediate where
been interpreted in terms of the simplest possible reactionthe departing thiolate leaving group does not require proto-
scheme (Scheme 2), with enzyme acylation and deacylationnation. The latter proposition was supported by\iti¢ pH—
steps following substrate binding. Although it is possible that rate profile for hydrolysis of2 by the P99j-lactamase
there are other kinetically significant steps, there is no (Figure 1).
unequivocal evidence for them at present with the substrates Solvent isotope effects indicate the presence of proton
examined in this work. The results showed much that is transfer in the transition states of the deacylation steps of
common in the transition states of reactions catalyzed by both enzymes, although the degree of proton transfer may
the R61 DD-peptidase and the P89actamase, as might be less for thg-lactamase. This general conclusion has also
be anticipated in view of the similarities in their active site been reached for class/Alactamases on reaction with both
structures §—7). On the other hand, differences were also ester angb-lactam substrated®). General acid/base catalysis
observed. The generality of some of these observations totherefore seems likely to be generally present in the reaction
the specificity of the enzyme involved, DD-peptidase or of these substrates with both DD-peptidases AHdcta-
pB-lactamase, however, is not yet clear. mases, as most proposed mechanisms suggest.

Striking among thes-secondary isotope effects was the ~ The evolutionary process leading from a DD-peptidase to
absence of a distinctly inveré@V/K value in both enzymes  a B-lactamase seems to have involved little change in
for the depsipeptidé, which must reflect some gain fCH transition states except in their orientation with respect to
hyperconjugation in the transition state over the level presentactive site functional groups and thus in the conformation
in 1 in free solution. This can be rationalized in terms of a of the bound substrates. This conclusion supports an earlier
specific conformation ofl in the transition state, such as proposition (6) that a change in the shape of the active site,
that depicted a$2. Also striking was the differert®V values accommodating to that of the substrate, is one important
for 1 between the two enzymes, which was interpreted in difference between the two classes of enzymes. The structural
terms of different acyl-enzyme conformatioris3 and 14. differences involved in this change of shape have been
With regard to the latter point, inspection of crystal structures discussed by Knox et al7).

did not immediately reveal to us the structural basis of this
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