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ABSTRACT. N-Acyl-S-sultams are time-dependent, irreversible active site-directed inhibit&tsegitomyces

R61 pbp-peptidase. The rate of inactivation is first order with respe@-sultam concentration, and the
second-order rate constants show a dependence on pH similar to that for the hydrolysis of a substrate.
Inactivation is due to the formation of a stable 1:1 enzyimhibitor complex as a result of the active

site serine being sulfonylated by tfesultam as shown by ESI-MS analysis and by X-ray crystallography.

A striking feature of the sulfonyl enzyme is that the inhibitor is not bound to the oxyanion hole but
interacts extensively with the “roof” of the active site where the Arg 285 is located.

p-Alanyl-p-alanine carboxypeptidase/transpeptidases [  Scheme 1

peptidases and also known as penicillin-binding proteins, or D ABDA _EnzOH

PBPs ()] are enzymes produced by bacteria that catalyze ~ e OH D-Ala—Onz + D-Ala-OH
the final steps of their cell wall biosynthesig @). Bacteria,

with a very few exceptions, have a cross-linked cell wall, Transpeptidase Carboxypeptldase
the formation of which involves a transpeptidation reaction HGly—

that is catalyzed by bacterial transpeptidases/PBPs. The PBPs

have been classified into two groups: the low molecular mass —D-Ala-Gly—

(LMM) PBPs and the high molecular mass (HMM) PBPs —D-Ala=OH + EnzOH

(3). The low molecular mass group includgdactamases  Scheme 2
that catalyze the hydrolysis gflactam antibiotics, the-Ala-

D-Ala carboxypeptidases, and endopeptidases. The HMM WS >—(i>

PBPs catalyze the transpeptidation reaction that cross-links LN - ¢ N

the glycan strands of the cell wal,(4). o ) Enz0" Y% CoH
The pp-peptidases are the inhibition targetsfactam EnzoH O

antibiotics, such as penicillin and cephalosporins. These
enzymes have an active site serine residue that is acylatedender them less susceptible to inhibition PBylactam
by thep-Ala-p-Ala natural peptide substrate as an intermedi- antibiotics. The most important defense mechanism is the
ate stage of the acyl transfer reacti@) (Scheme 1). The  production of f-lactamases [thought to be evolutionary
p-lactam antibiotics act as mechanism-based inhibitors for descendants afp-peptidases3—7)]. Some of thes-lacta-
the PBPs by acting as substrates for nucleophilic attack bymases are serine enzymes and also catalyze the hydrolysis
the active site serine causing—@l bond fission and ring  of S-lactams through the formation of an acyl-enzyme but,
opening to form stable acyl-enzyme intermediates that arein this case, to give a short-lived intermediate that is quickly
then not susceptible to further nucleophilic attack by exog- hydrolyzed before thg-lactams can reach their transpepti-
enous amines or water (Scheme 2). Deacylation is very slowdase ombp-peptidase targets.
because the leaving amino group remains covalently attached The pp-peptidase oStreptomyce®61 is secreted in the
to the acyl-enzyme and presumably blocks nucleophilic extracellular medium as a soluble protein and catalyzes the
attack by the amino group of the acceptor or by wa6r ( cleavage of the C-terminai-alanine of simple synthetic
Bacterial resistance tg-lactam antibiotics has emerged peptides. In the presence of acceptor compounds having a
primarily through two mechanisms: the production of suitably located amino group, they also perform transpep-
p-lactam degrading enzymes, tifelactamases, and the tidation reactions (Scheme 18,(9). The specificity of the
accumulation of mutations in their HMM PBP targets which enzymes for the acceptors reflects the structure of the
bacteria’s peptidoglycan cross-bridges, andStveptomyces
t This research was supported by the University of Huddersfield. R61 DD-peptidase, dipeptides, such as Gipa, are good
* To whom correspondence should be addressed: phtadg4 acceptors. The R61 enzyme is a 37.5 kDa enzyme (EC
473#?19? fax,+1484 472182; e-mall, m.i.page@hud.ac.uk. 3.4.16.4) that has 349 residues and has been used extensively
e University of Huddersfield. s
§ |nstitut de Chimie B6. as a kinetic and structural model for PBRs 10). The use
'University of Connecticut. of ester and thiolester substrates for tbe-peptidases
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Chart 1 EXPERIMENTAL PROCEDURES
PRCONH._Me PRCONH._Me Materials. Streptomycesp. R61pp-peptidase was pre-
j/ws Me j—s pared as described previous¥lj and used as a 0.5 mg/
A ° mL aqueous solution in 10 mM Tris buffer, pH 8. AnalaR
COH COH . o
grade reagents were purchased from Sigma, and deionized
M @ water was used throughout.
OMe Methods HPLC experiments were carried out in a Beck-
sl:'L /sl:'L mann System Gold model 127 pump and model 168 diode
oy oy array detector fitted with a Lichospher 100RP-18, 5 mm,
column. The solvent was 5%,8 (1% TFA)/CHCN, flow
3 4 = 0.5 mL/min, andl = 230 nm. ESIMS experiments were
o NO carried out on a VG Quattro SQ Il (Micromass, Altrincham,
M . : England).!H NMR and**C NMR experiments were carried
oSN o N out on a Bruker 400 MHz (Rheinstetten, Germany). Standard
°c 3 ° 3 UV spectroscopy was carried out on a Cary 1E-txsible

spectrophotometer (Varian, Mulgrave, Australia) equipped
with a 12-compartment cell block. The instrument was used
Scheme 3 in double beam mode, allowing six reaction cells to be

R R followed in single run. The cell block was thermostated using
[ ] - . /_\N\“/©/ a peltier system.
02/3)\5 Enz-Ser-Of)//s o " SynthesisThe synthesis dfl-benzoylp-Ala-thio-p-lactate

© (1) andN-benzoylp-Ala-thioglycolate @) is described in the
Supporting Information. Taurinesulfonyl chloride, 1,2-thi-

represented a significant advance in the study of their 8zetidine 1,1-dioxide, and 2-benzoyl-1,2-thiazetidine 1,1-
reactions. The study of thioesters as substrates can bélioxide ) were prepared as previously describ@@)(
followed by spectrophotometry, allowing a continuous  2-(4-Methoxybenzoyl)-1,2-thiazetidine 1,1-Dioxid4). (
monitoring of enzyme activity. Moreover, with the thioester 4-Methoxybenzoyl chloride (1.59 g, 9.32 mmol) was added

substrates, deacylation is rate-limiting with several enzymes, dropwise to a solution of 1,2-thiazetidine 1,1-dioxide (1 g,
so that the complete catalytic pathway could be more easily 2-33 mmol) and DMAP (0.2 g) in anhydrous DCM (50 mL)

studied (1). In this studyN-benzoylp-Ala-thiolactate at —78 O.C' The .reaction mixture was stirred for 30 min
and N-bsg.nioylo- Ala-thioélycolate é) (see Chart 1) wgre before triethylamine (0.94 g, 9.29 mmol) was added dropwise

synthesized and used as substrates to monitor the activity o Ve 10 min at—78 °C formmg a white precipitate. The
mixture was then allowed to stir at room temperature for 24
Streptomycef61.

h before the reaction mixture was filtered and the solvent
The continued efficiency g8-lactam antibiotics is increas-  removed by reduced pressure rotary evaporation &C30
ingly compromised by the ability of bacteria to produce more The colorless oil was purified using column chromatography

and moref-lactamases. The present strategy to overcome (silica, 50 g) (3:2 ether:DCM)R = 0.35 (1.2 g, 53%); mp

this problem is to use a combination ofdactam antibiotic 98-99°C; IR (neaty, cm 1) 3035, 2977, 2841, 1662, 1606,

and an inhibitor of3-lactamase. Ideally, it would be useful 1513, 1327, 1262, 1201, 1156, 103H NMR (6, ppm,

to have a single drug which inhibited both the transpeptidasesCDCl;) 8.01 (2H, d,J = 8.95 Hz, Ha/Hc), 7.01 (2H, dl =

and thep-lactamases. This has already been reported using8.87 Hz, Hb/Hd), 4.27 (2H, t) = 7.35 Hz, CHSQ,), 3.98

boronic acids 12) and phosphonate4.3). gH t,J= 7-25) Hz, CH—(N),)3-88 (H, 5[ CH); °C NMRb
p-Sultams (1,2-thiazetidine 1,1-dioxides) are cyclic sul- /! ppm, CDCY) 163.95 (CO), 132.25 [quaternary carbon

fonamides and the sulfonyl analogues ffactams. Sul- (1)), 130.87 (CH a/c), 124.26 [quaternary carbon (2)], 114.22

fonamides have not been explored as potential sulfonylating(CH b/d), 55.56 (CHH—S0), 55.45 (CH), 30.72 (CH-N);

X - “HREI-MS [M + H]" for CoH9NOsS calculated, 242.2734;
agents of enzymes because of their general low reactivity. measured. 242.2732

However, we have showri4) that the reactivity of-sultams 2-(4-Chlorobenzoyl)-1,2-thiazetidine 1,1-Dioxid)(

contrasts strongly with that of the_ir acyclig sulfonamide 4-Chlorobenzoyl chloride (1.63 g, 9.31 mmol) was added
counterparts (ca. mOId more reactive) and is even 20 dropwise to a solution 1,2-thiazetidine 1,1-dioxide (1 g, 9.33
10°-fold more reactive than the correspondfipctams. We mmol) and DMAP (0.2 g, 1.63 mmol) in anhydrous
have shown thag-sultams are inhibitors of a serirtelac- dichloromethane (50 mL) at 78 °C. The reaction mixture
tamase 15) as well as the serine protease elastd$¢dnd 55 stirred for 30 min before triethylamine (1.2 mL, 9.31
that this is due to sulfonylation of the active site serine mmgl) was added dropwise over 10 min-&Z8 °C, forming
(Scheme 3). Herein we report the inhibitory properties of g white precipitate. The mixture was allowed to stir at room
p-sultams with StreptomycesR61 pp-peptidase. Crystal-  temperature for 24 h before the reaction mixture was filtered
lography has been useful for observing substrates andand the solvent removed by rotary evaporation atG0The
inhibitors covalently bound topp-peptidases 1(7—20); pale yellow oil was purified by column chromatography (3:2
however, the efficiency of substrate hydrolysis in the R61 ether:DCM): R = 0.57 (0.89 g, 39%); mp 8486 °C; IR
crystals has made the observations of substrate analoguegeat,v, cm™?) 1676, 1593, 1404, 1357, 1323, 1159, 1092,
difficult. 1016;*H NMR (6, ppm, CDC}) 7.96 (2H, d,J = 8.64 Hz,

(5) (6)

Enz-Ser-OH
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Ha/Hc), 7.51 (2H, dJ = 8.69 Hz, Hb/Hd), 4.33 (2H, {] =
7.10 Hz, CHS(O,), 3.93 (2H, t,J = 7.07 Hz, CHN); 13C
NMR (6, ppm, CDC}) 166.2 (G=0), 140.2 [quaternary
carbon (1)], 134.5 [quaternary carbon (2)], 129.85 (CH a/c),
129.34 (CH b/d), 57.0 (C$$0;), 30.9(CH;N); HREI-MS
(El) for CygHsCINOsS calculated, 244.9908; measured,
244.9905.

2-(4-Nitrobenzoyl)-1,2-thiazetidine 1,1-Dioxid6)(4-Ni-
trobenzoyl chloride (1.73 g, 9.32 mmol) was added dropwise
to a solution of 1,2-thiazetidine 1,1-dioxide (1 g, 9.33 mmol)
and DMAP (0.2 g, 1.63 mmol) in anhydrous dichloromethane
(50 mL) at—78 °C. The reaction mixture was stirred for 30
min before triethylamine (1.3 mL, 9.29 mmol) was added
dropwise over 10 min at 78 °C, forming a white precipitate.
The mixture was allowed to stir at room temperature for 24
h before the reaction mixture was filtered and the solvent
removed by rotary evaporation at 3G. The colorless oll
was purified by column chromatography (silica, 35 g) (3:2
hexane:EtOAc):Rs = 0.28 (0.82 g, 34%); mp 9092 °C;

IR (neat,v, cmt) 3114, 3057, 1664, 1604, 1521, 1347, 1324,
1284, 1215, 1164H NMR (6, ppm, CDC}) 8.27 (2H, d,J

= 8.86 Hz, Hb/Hd), 8.06 (2H, d] = 8.83 Hz, Ha/Hc), 4.37
(2H, t, 3 = 7.15 Hz, CHSO,), 3.88 (2H, t,J = 7.22 Hz,
CH;,N); 3C NMR (9, ppm, CDC}) 165.88 (G=0), 149.98
[quaternary carbon (2)], 137.14 [quaternary carbon (1)],
129.02 (CH b/d), 123.45 (CH a/c), 57.34 (€30,), 30.86
(CH:N); HREI-MS (EI) for GHsN,OsS calculated, 256.0148;
measured, 256.0151.

Kinetics Studies. (a) Nonenzyme-Catalyzed Hydrolysis.
The rate of hydrolysis ofN-benzoylg-sultam @) was
obtained spectrophotometrically by following the absorbance
decrease at 250 nm as a function of time at@0l = 1.0
mol dm 23 (KCI), in 5% MeCN (v/v). For solution pHs:3
and <11 the pH was controlled by the use of 0.1 moldm
buffer solutions. The following buffers were used: sodium
formate (K, 3.75), sodium acetate Kp 4.72), MES (K4
6.1), MOPS (fa 7.2), TAPS (fKa 8.4), CAPSO (K4 9.6),
and CAPS (i, 10.4). Buffers were prepared by partial
neutralization of solutions of their sodium salts to the required
pH.

The rates of hydrolysis of the thioester substrates were

Llinas et al.

course of the reaction {510 half-life times). Complete time
curves were studied because of increased accuracy, and there
was no evidence of product inhibition or enzyme denatur-
ation. Repeat kinetic runs, performed by injecting more
substrate into the cell after the first reaction was complete,
gave identical rate constants. Furthermore, rate constants
obtained from initial rate studies also gave the same rate
constants. The rate constants have an estimated er3%f
Curve fittings were achieved using SCIENTIST (MicroMath
Scientific Software, St. Louis, MO) software.

(c) Inhibition of Streptomyces R61 by N-Argisultams
(3—6). Twenty microliters of a stock solution of ti-aroyl-
B-sultam (1.24x 1072 mol dn3 in dry acetonitrile) were
injected into 2.0 mL of buffer solution (MES, pH 5.96,|
= 0.1 mol dnT3) to give concentrations g#-sultam in the
assay cells of 1.181.30 x 10~ mol dm 3. Hydroxide ion
concentrations were calculated from the measured pH and
using Kw(Hz0) = 13.83 at 30°C (23).

In a typical time-dependent inhibition experiment, an
incubation cell ([R61}= 3.85x 1077 mol dnv 3, [5-sultam]
= 2.29x 10* mol dm 2 in MES buffer, pH= 5.96) at 30
°C and 50uL were injected at different time intervals into
2 mL of MOPS buffer, pH= 7.00, containing a thioester
(Bz-p-Ala-thioglycolate = 2.02 x 10* mol dm3) to
measure enzyme activity. Control experiments were per-
formed in the absence gfsultam. Because the concentration
of the enzyme is much lower than that of the inhibitor at
time zero, the inactivation reaction is effectively pseudo first
order. To take into account the competing hydrolysis reaction
at high pH, the results were normalized with respect to the
decreasing-sultam concentration due to hydrolysis. Because
the competing alkaline hydrolysis reaction reduces the
concentration of the inhibitor present with time, it conse-
qguently reduces the rate of the enzyme inactivation. To
correct for this, the results of the inactivations were normal-
ized with respect to the decreasifigsultam concentration
using the equation:

normalized rate at time=
(observed rate/[sultarg)[sultam]

followed by measuring the decrease in absorbance at 285 (d) X-ray Crystallographic Studie$he R61pp-peptidase

nm for Bzb-Ala-thioglycolate 2) and at 280 nm for Bo-
Ala-thio-p-lactate (), as a function of time at 30C andlI

= 1.0 mol dm3 (KCI). Generally, 1QuL of a stock solution

of substrate (0.08 mol dndin dry acetonitrile) was injected
into 2.0 mL of buffer solution (0.020.10 mol dnT?) to give

a concentration in the assay cell of>¢ 1074 mol dnr3.
Hydroxide ion concentrations were calculated from the
measured pH and usingKp(H,0) = 13.83 at 30°C (23).

(b) R61-Catalyzed Hydrolysis of BzAla-thioglycolate )
and Bzp-Ala-thiob-lactate (). Generally, 25:L of a stock
solution of thioester substrate was injected into 2.5 mL of
buffer solution [0.05 mol dm?, 30°C, andl = 1.0 mol dn13
(KCI)] followed by 25 uL of a stock solution of enzyme.

was crystallized using the hanging drop vapor diffusion
method as described in r2fl. The covalent complex witB

was obtained by soaking a 0.350.2 x 0.1 mm crystal in

a saturated €10 mM) solution of3 in 30% poly(ethylene
glycol) (PEG) 8000, 50 mM sodium phosphate, pH 6.8, and
5% (w/V) glycerol for 1 h. Before mounting, the crystal was
transferred into a fresh drop of the soak solution containing
10% glycerol and then into a third drop containing 20%
glycerol. The crystal was then flash-cooled in a gaseous
nitrogen stream at 100 K. Data were collected on beamline
X25 at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory, Upton, New York, and
processed using the HKL packad@®y). Statistics for the data

Usually, the substrate and enzyme concentrations in the cellcollection are provided in Table 1.

were 8x 107* mol dnT3 and 3.3x 108to 1.8 x 10" mol
dm3, respectively. Hydrolysis of the substrates was followed

Initial phases were derived from the native R6-
peptidase structure (PDB ID 3PTE). The crystallographic

by measuring the decrease in absorbance at 285 nm for Bz-model was refined using the program CNeB)(against data

p-Ala-thioglycolate 2) and at 280 nm for Bo-Ala-thio-p-
lactate (), as a function of time. The kinetic constants were
generally determined by following the entire first-order

to 1.5 A resolution. Solvent molecules having reasonable
hydrogen bond distances and geometry were added, taking
care to avoid modeling the electron density of the bound
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Table 1: Crystallographic Data for the Complex with 1805104 900
N-Benzoylf$-sultam @) 800
1.60E+04 - 1
resolution limit (A) 1.05 i
no. of reflections
measured 1217198 1405104 & 700
unique 152562 3
reflectionsF > 4o 133622 1.20E+04 - 4 600
completeness (%) -
all data 95.9 o 1 500 -
highest resolution shell 84.4 5 1o 500,
Reym* (0N 1) N g §_
all data 0.069 \§ 8.00E+03 + 400 <
highest resolution shell 0.311 x
lo(1) 6.00E+03 1 300
all data 30.5
highest resolution shell 4.9
refinement 4.00E+03 + 200
resolution (A) 16-1.05 P
Reryst (all data) 0.114 2.00E+03 1 + 100
Riree 0.136
data in test set 7557
non-hydrogen atoms 3096 0.00E+00 ! ' ‘ ' ' ' °
rms deviations 2 3 4 5 6 7 8 9
bond lengths (A) 0.014 pH
angles (deg) 0.98 FiGURE 1: Second-order rate constantka(Km) (O) for the
. al m,
gg;ggg }:gg:g{ g’}‘g ?égc];)e% (A2 ii:‘; hydrolysis of Bze-Ala-thioglycolate catalyzed b$treptomyceR61
averageB factor of3 (noncovalend (A2 122 as a function of pH. Also shown are the second-order rate constants

ki (a) for the inhibition of R61 byN-benzoylg-sultam. Rate
aThere are two molecules @& in this structure. One is bound constants were measured at 30 andl = 1.0 mol dnt3 (KCI)

covalently to Ser 62 §, while the other makes fortuitous interactions  and have an estimated error 48%.

with a region of the active site involved in recognition of the natural

cell wall peptide. acid group needs to be in its deprotonated form for maximum

inhibitor as solvent. Once the refinement convergagg enzyme activity. There is no evidence of other ionizable and
= 0.205,Ryee = 0.211), the model was refined further using catalytlca!ly important groups, and the enzyme activity is
SHELX-97 (7). After isotropic refinement to the full  characterized by a large pH-independent region from pH 6
resolution, 1.05 A, anisotropic displacement parameters were!© PH 9. Similar observations were seen with the thioester
refined for all non-hydrogen atoms. Anisotropic refinement Substrate ). o

resulted in a 4.0% drop iR Iterative cycles of fitting in The low K, of 5.0 could be due to the ionization of a
XtalView (28) followed by refinement in SHELXL continued ~ carboxylic acid residue, but there appears to be no such
until the R factors converged at 0.120 and 0.145. At this residue in the active site, so this may reflect a base with a
point, all hydrogens except those in methyl and hydroxyl severely_ reducedia. Possible candidates are Lys 65 or Tyr
groups were added to the model using the riding model in 159, which are placed at an adequate distance (Figure 3)
SHELXL. Adding hydrogen atoms resulted in a 0.9% drop and are capable of acting as a general base catalyst for the

in Rice acylation step. These residues have been previously suggested
to act as general base catalys?®, (29, 30), but without
RESULTS AND DISCUSSION knowledge of the .. A pKa of 5.0 would be an extraor-

pH—Rate Profile for the R61-Catalyzed Hydrolysis of dinary reduction in the base strength of either a lysine or
Thioester SubstratesThe total reaction profile for the tyrosine residue. An alternative explanation is that thg p
hydrolysis of the thioesterd @nd2) catalyzed by R61 was  might reflect the deprotonation of the carboxylate on the
followed to give pseudo-first-order rate constakis that substrates used in these studies. However, this is high for
were proportional to enzyme concentration. No effective such a carboxylic acid, which would be expected to have a
saturation of the enzyme-catalyzed reaction was observedpK, of about 3.5. It has been observed that kg for a
at substrate concentrations up to 2 mM. Hence, it was not peptide substrate increased going from pH 6 to pEH,(
possible to obtain reliable values f&,: and K. Plotting but unfortunately, the study did not extend below pH 5. Itis
the rate constants,sagainst the enzyme concentration gave notable that effectiv@-lactams generally possess a carboxy-
the second-order rate constakig/Kn which at pH 7 were late that binds in the active site in a position similar to that
5.04x 1M tstforland 1.38x 10* M1 stfor 2. It of the carboxylate of peptide substrates. Enhanced substrate
is evident from these values that although the thioesters ( binding due to ionization should be characterized by a lower
and?2) are convenient for UV assays of R61, they are only K, value, but the&, values were experimentally inaccessible
moderately good substrates for an “activated” derivative. The in these studies.
estimatedK, values are relatively high, indicating a poor Inactivation of R61 bys-Sultams.To test the inhibitory
degree of enzymesubstrate binding. The activity of R61 properties ofN-acyl-sultams with respect to R61, the
was determined in buffer solutions of pH-8, and Figure enzyme angi-sultam were incubated together in a buffered
1 shows the dependence lef/K, upon pH for hydrolysis solution that was referred to as the incubation cell. Aliquots
of the thioester substrat@)(catalyzed by R61 at 30C and of the incubation solution containing enzyme ghdultam
| = 1.0 M (KCI) at various pHSs. were then removed from the incubation cell after tinzad

The pH-rate profile indicates that a single ionization of assayed for enzyme activity against the thioester substrate
pKa 4.99 £+ 0.09 determines enzyme activity and that this (2) in separate assay cells at pH 6. These assays showed a
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Ficure 2: Plot of percent activity ofStreptomycefR61 against
incubation time for the inactivation obp-peptidase R61 by
N-methoxybenzoyf3-sultam @) at pH 7.00 and 30C in 0.1 mol
dm~—3 MOPS buffer,| = 1.0 mol dnt3 (KCI), 6.93 x 1078 mol
dm~2 pp-peptidase R61, and 5.82 10°° mol dnr3 N-methoxy-
benzoylg-sultam.

25

Table 2: Second-Order Rate Constakts,, for Hydroxide lon
Catalyzed Hydrolysis ank for Inhibition of R61 at pH 7, 30C,
andl = 1.0 mol dnt2 for N-Aroyl--sultam$

N-aroyl3-sultam

N-p-nitro  N-p-chloro  N-benzoyl N-p-methoxy
(6) ©) ® 4
kowWM~ts1 518x 10* 2.08x 10° 1.38x 10* 8.99x 1C°
kiM~1s1  478x 10° 1.64x 10° 7.00x 10? 3.79x 1(?

a2 Rate constants have an estimated erro-8%6.

time-dependent decrease in enzyme activity and tended

toward zero with increasing If the enzyme was incubated
alone under exactly the same conditions but in the absenc

of B-sultam, the observed activity remained constant through-
out the experimental time frame. These control experiments

were taken as 100% activity; the percentage activity of R61
activity remaining in the inhibitor experiments was calculated
and plotted against. This gave apparent first-order rate
constants for inactivation (Figure 2), which showed a first-
order dependence on tiflesultam concentration. The con-
centration of the enzyme is much lower than that of the
inhibitor, and the rate of inactivation is effectively pseudo
first order and so does not depend on the enzyme concentr
tion. Second-order rate constants for inactivatibnwere
obtained either by dividing the observed rate of inactivation
by inhibitor concentrationkq,d[l], when less than three

inhibitor concentrations were used or graphically from slopes
of the plots of the observed rate of inactivation against several

inhibitor concentrations.
With someN-aroyl-3-sultams and at high pH there were

(S
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dependent inhibitor of the RG@ib-peptidase, and its second-
order rate constant for inactivatiok;)(varies with pH in a
manner very similar to that of the second-order rate constant,
kealKm, for the hydrolysis of the thioester substraieand

2) catalyzed by R61 (Figure 1). This indicates that the rate
of inactivation of R61 by this compound is controlled by
the same catalytic groups in the active site that are used for
substrate hydrolysis; i.e., active site-directed inhibition is
occurring. The increase in enzyme activity toward inactiva-
tion with increasing pH is probably due to the deprotonation
of Lys 65 or Tyr 159, as discussed earlier. Given that the
inhibitor does not contain a carboxylic acid residue, this
indicates that the observed ionization is due to the enzyme
and not the substrate.

(b) ESIMS and X-ray Crystallography Dataulfonylation
of the R61 enzyme bg-sultams as shown in Scheme 3 was
confirmed by ESIMS. Samples of R61 inactivated by
N-benzoylg-sultam @) were subjected to ESIMS analysis;
native R61 gave MW 37580 Da. Incubation of the enzyme
with N-benzoylg-sultam @) (MW 211 Da) showed a rapid
formation of the sulfonylated adduct at 37791 Da corre-
sponding to 1 mol of boungd-sultam.

X-ray crystallography revealed that ring opening of the
S-sultam was part of the inactivation process (Figure 3). The
structure, determined to 1.1 A resolution, shows a sulfonate
ester formed with Ser 62 1O Interestingly, the inhibitor
makes very few specific interactions with the enzyme active
site. Indeed, mogi-lactam compounds and peptide substrates
make extensive interactions with residues in the enzyme’s
trough-like active siteN-Benzoyl{#3-sultam hydrogen bonds
to only three active site residues, including Tyr 159, Arg
285, and Thr 301 (Figure 3b). The interactions with the
“roof” of the active site 83), dominated by Arg 285, are
most likely crucial for initial binding of the inhibitor by the
enzyme and for orienting the molecule for attack by Ser 62
Oy. Another surprising aspect of this structure is thdbes
not bind in the oxyanion hole. To date, all compounds studied
crystallographically with the R6tp-peptidase have had an
oxygen bound in the oxyanion hole formed by the main chain
nitrogen atoms of Ser 62 and Thr 301. With peptide
substrates, this interaction helps to polarize the scissile
peptide bond, facilitating the peptidase reaction. Of course,
it is possible that what is seen in the crystal structure is the
result of a rearrangement, following ring opening. This has
been observed in several crystal structures of analogous

aB-Iactamases inhibited witfi-lactam derivatives32). The

benzyl ring of thes-sultam does not make any interactions
with the enzyme, and this is reflected in the less well defined
density for this portion of the molecule. Modifyirfgsultams
with additional functionalities to allow more specific interac-
tions with the enzyme active site will likely improve these
compounds asp-peptidase inhibitors.

In addition to the inhibitor molecule covalently bound to

problems with the accurate determination of rate constantsggr g2 @, there is a second molecule bound to the substrate
for the inactivation process because of the competing base'specificity site of the active sit88). This region of the active
catalyzed hydrolysis of these compounds. The actual con-sjte normally binds the glycine-diaminopimelic acid moiety

centration of-sultam present was then calculated for each
time period. The second-order rate constaktdor the
inactivation of R61 by various substitut@esultams are given

in Table 2.

Evidence for Actie Site Sulfonylation. (a) pH Dependence
of Inactivation. The N-benzoylf-sultam @) is a time-

of the natural cell wall peptide. In particular, two residues,
Ser 326 and Asn 327, hydrogen bond with a carboxylate of
this substrate. In th8-sultam-inhibited structure, two sulfate
oxygens of a hydrolyzed molecule dFbenzoyls-sultam

are fortuitously able to hydrogen bond to Ser 326 and Asn
327. As these are the only hydrogen-bonding interactions
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a)

@
Y280 J 'R285
VAR

:

v v &N
L232 =301 L232

Ficure 3: (a) Stereoview of thg=,| — |F.| electron density map calculated with Ser 62 and the inhib8pofitted from the model. The
omit map is contoured atd3and clearly shows the sulfonylated acyl-enzyme, viithenzoyls-sultam bound to the serine 62y0O(b)
Stereoview of the active site showing the interactiFisenzoylg-sultam makes with the R61 active site. The distances for these interactions
are as follows: a, 3.0A; b, 3.0A;c, 2.7A;d, 25 A; e, 2.7 A; f, 3.0 A. Both figures were created using Pov38iph@ rendered with
PovRay.

Scheme 4 a significant degree of flexibility within the enzyme as the
stereochemical requirements for catalysis of a reaction
gsl:" involving sulfonyl transfer with a trigonal bipyramidal
° 3 I arrangement in the transition state are significantly different

to acyl transfer reactions involving a tetrahedral intermediate.

@) This is a similar situation to phosphoryl transfer reactions
SN fissy C-N fission catalyzed by serine enzymes that are formally considered to
catalyze only acyl transfel§). For example, serine proteases
possess an oxyanion hole, as does R61, which is used to
0=S/_\N 0=S—NH *oQ stabilize the oxyanion in the tetrahedral intermediate (TI)
Jo H I d o formed after attack of the serine oxygen at a carbonyl center.

This oxyanion will lie at ca. 109to the newly formed serine

this second molecule o8 makes with the enzyme, the ©O—C bond. In contrast, the oxyanion formed by attack at
inhibitor is clearly not being recognized by the species thef-sultam sulfonyl center is likely to occupy an equatorial
specificity site. Since the sulfonyl enzyme is shown to be POSition in a trigonal bipyramidal intermediate (TBPI) or
stable for more than 4 weeks, we presume that the hydrolyzed{ransition state and will therefore lie at ca."0 the serine
molecule of3 bound at the periphery of the active site O—S bond. Although €N bond fission in the hydrolysis
ultimately derives from solvent-catalyzed hydrolysis of this Of amides requires general acid catalysis to facilitate amine
rather labile compound. expulsion, the reactivity dil-acyl-sultams and their amide
N-Acylsulfonamides have been used previously to inac- /€aving groups may allow ring opening to occur without
tivate serine enzymes), However, the mechanism invari- N-protonation. The catalysis of sulfonyl transfer from the
ably involves acylation and-€N bond fission with the serine ~ A-Sultam to the active site serine of R61 may therefore only
hydroxyl group attacking the amide to displace the sulfona- P& possible because ring opening occurs in a single step
mide as the leaving group. Although tfiesultams reported ~ Without general acid catalysis (Scheme BJ)(
here are also formallyN-acylsulfonamides, inactivation (d) Reactiation. The inactivation of the R61 enzyme is
occurs by sulfonylation as a result of serine nucleophilic irreversible, and the resulting sulfonyl enzyme is stable for
attack on the sulfonyl center and displacement of the amide up to 4 weeks in the incubation solution at“®0 By contrast

as a leaving group, showing preferentiati$ over C-N for some serine proteases, suchoashymotrypsin, inacti-

fission (Scheme 4). vated by sulfonyl fluoridesl, 34), it is possible to reactivate
(c) Catalysis of Sulfonyl Transfefs active site-directed  the enzyme above pH 8.3%). The sulfonyl R61 enzyme

inhibition is occurring in the inactivation of R61 by-ben- inactivated byN-benzoylfg-sultam was not reactivated by

zoyl-B-sultam @), it appears that the catalytic machinery of treatment with hydroxylamine and showed no evidence of
R61 is catalyzing the sulfonyl transfer process. This indicates mass loss by ESIMS.
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4 Big-0.71 of at least 0.# on the nitrogen in the reactanBq). It

suggests the leaving group is expelled as the amide anion
and that SN bond fission is almost complete in the
transition state (Scheme 5).

The second-order rate constanksy, for the alkaline
A hydrolysis of the same series Nfaroyl-5-sultams are also
given in Table 2. The corresponding ‘Bisied-type plot for
31 these values generate@g of —0.71 (Figure 4), indicative
A of much less change in charge on the leaving nitrogen in
the transition state. If a trigonal bipyramidal intermediate is
25 Bl -1.06 formed in the alkaline hydrolysis df-aroyl{3-sultams 87)
and if the rate of SN bond fission and ring opening to expel
the amide anion is greater than the rate of expulsion of
hydroxide ion from the intermediate, then formation of the
intermediate will be rate limiting. FoN-aroyl{3-sultams
N-protonation of the leaving group amide is thermodynami-
cally unfavorable and amide anion expulsion could occur,
FIGURE 4: Bronsted plots foN-aroyl{3-sultams: alkaline hydroly-  pyt at a rate which is comparable or even slower than that
sis, ko (@), and R61 inhibitionk; (4). for hydroxide ion. Therefore, breakdown of the intermediate

(e) Structure-Activity Relationships.The fact that the ~ May become rate limiting.
S-sultam has ring opened upon inactivation of the enzyme Compared with the base-catalyzed hydrolysi#ledroyl-
confirms the necessity of-SN fission for activity. However, ~ f-sultams by hydroxide ion, the R61 enzyme reaction appears
it is important to separate the effects of substituents on to cause a move to a transition state later along the reaction
chemical reactivity and molecular recognition. For example, coordinate. The different Brsted iy values indicate
N-substituents not only influence the rate ofIS bond considerably more SN bond fission in the transition state
fission and reaction through inductive effects, altering the for the enzyme-catalyzed reaction. The enzyme appears to
electrophilicity of the sulfonyl center, N-basicity, and amine be using some of its catalytic machinery to facilitate the
nucleofugacity, but also change binding energies through sulfonylation reaction, but presumably the geometry of the
molecular recognition effects such as interactions betweendisplacement reaction is not ideal. The host of favorable
the substituent and a binding pocket in the enzyme. The leasthoncovalent interactions, evolved by the enzyme to stabilize
effective R61 inhibitor in the simpl&-aroyl3-sultams is the transition state for the “natural” substrate, is not fully
also the least reactive, thé-p-methoxybenzoyl compound  available to lower the activation energy for tfesultams,
(4) with a ko of 8.99 x 10® M~ s~ A comparison of the ~ and so the transition state occurs later along the reaction
ki values at pH 7 with the second-order rate constants for coordinate.
hydroxide ion hydrolysiskon values (Table 2), for the The rates of enzyme inactivation observed could be
N-aroylated compounds indicates that their relative effective- increased if recognition elements are built into the structure
ness as R61 inhibitors is largely due to variations in their of the3-sultams8-Sultams 8—6) are far from ideal as R61
chemical reactivity. inhibitors as they are relatively hydrolytically labile. Suitable

The effect of changing the basicity of the leaving group substituents could improve binding to R61 and hence increase
in B-sultams on the rate of inactivation of R61 was the rate of inactivation of the serine residue. Second, they
investigated by different aryl substituents M-aroyl{- may reduce the hydrolytic lability of the inhibitor, thus
sultams. The second-order rate constants for inactivatjon, making it more stable in aqueous solution and in a biological
for a series of substituted derivatives are given in Table 2. environment.
Electron-withdrawing substituents in tHe-aroyl residue In conclusion, N-aroyl3-sultams are a novel class of
increase the rate of inactivation. These constants give anjphipitor compounds that inactivate serine enzymes by
opportunity to use linear free energy relationships to help 0 jyreyersible sulfonylation of the active site serine residue.
elucidate the reaction mechanism and the transition stateérney are inactive toward enzymes lacking active serine
structure. Although the s of the amide leaving groups yesjdues, such as the metafidactamases, indicating that
are not known, those of the corresponding carboxylic acids gpecific sulfonylation of active site residues takes place.
are readily available. A Bisted-type plot of the logarithm
of ki against the K, of the analogous carboxylic acid is gUPPORTING INFORMATION AVAILABLE
shown in Figure 4, the slope of which gives a'Bstedfq
of —1.06. This value is indicative of a development of a  Synthesis of the substratiisbenzoylp-Ala-thio-p-lactate
significant negative charge on the amide nitrogen leaving (1) andN-benzoylp-Ala-thioglycolate R). This material is
group compared with the relative positive effective charge available free of charge via the Internet at http://pubs.acs.org.

35 4

log (second order rate constant)

pKa leaving Group
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