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ABSTRACT: N-Acyl-â-sultams are time-dependent, irreversible active site-directed inhibitors ofStreptomyces
R61 DD-peptidase. The rate of inactivation is first order with respect toâ-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 enzyme-inhibitor complex as a result of the active
site serine being sulfonylated by theâ-sultam 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.

D-Alanyl-D-alanine carboxypeptidase/transpeptidases [DD-
peptidases and also known as penicillin-binding proteins, or
PBPs (1)] are enzymes produced by bacteria that catalyze
the final steps of their cell wall biosynthesis (1, 2). Bacteria,
with a very few exceptions, have a cross-linked cell wall,
the formation of which involves a transpeptidation reaction
that is catalyzed by bacterial transpeptidases/PBPs. The PBPs
have been classified into two groups: the low molecular mass
(LMM) PBPs and the high molecular mass (HMM) PBPs
(3). The low molecular mass group includesâ-lactamases
that catalyze the hydrolysis ofâ-lactam antibiotics, theD-Ala-
D-Ala carboxypeptidases, and endopeptidases. The HMM
PBPs catalyze the transpeptidation reaction that cross-links
the glycan strands of the cell wall (3, 4).

The DD-peptidases are the inhibition targets ofâ-lactam
antibiotics, such as penicillin and cephalosporins. These
enzymes have an active site serine residue that is acylated
by theD-Ala-D-Ala natural peptide substrate as an intermedi-
ate stage of the acyl transfer reaction (5) (Scheme 1). The
â-lactam antibiotics act as mechanism-based inhibitors for
the PBPs by acting as substrates for nucleophilic attack by
the active site serine causing C-N bond fission and ring
opening to form stable acyl-enzyme intermediates that are
then not susceptible to further nucleophilic attack by exog-
enous amines or water (Scheme 2). Deacylation is very slow
because the leaving amino group remains covalently attached
to the acyl-enzyme and presumably blocks nucleophilic
attack by the amino group of the acceptor or by water (6).

Bacterial resistance toâ-lactam antibiotics has emerged
primarily through two mechanisms: the production of
â-lactam degrading enzymes, theâ-lactamases, and the
accumulation of mutations in their HMM PBP targets which

render them less susceptible to inhibition byâ-lactam
antibiotics. The most important defense mechanism is the
production of â-lactamases [thought to be evolutionary
descendants ofDD-peptidases (3-7)]. Some of theâ-lacta-
mases are serine enzymes and also catalyze the hydrolysis
of â-lactams through the formation of an acyl-enzyme but,
in this case, to give a short-lived intermediate that is quickly
hydrolyzed before theâ-lactams can reach their transpepti-
dase orDD-peptidase targets.

The DD-peptidase ofStreptomycesR61 is secreted in the
extracellular medium as a soluble protein and catalyzes the
cleavage of the C-terminalD-alanine of simple synthetic
peptides. In the presence of acceptor compounds having a
suitably located amino group, they also perform transpep-
tidation reactions (Scheme 1) (8, 9). The specificity of the
enzymes for the acceptors reflects the structure of the
bacteria’s peptidoglycan cross-bridges, and forStreptomyces
R61 DD-peptidase, dipeptides, such as Gly-L-Ala, are good
acceptors. The R61 enzyme is a 37.5 kDa enzyme (EC
3.4.16.4) that has 349 residues and has been used extensively
as a kinetic and structural model for PBPs (9, 10). The use
of ester and thiolester substrates for theDD-peptidases
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represented a significant advance in the study of their
reactions. The study of thioesters as substrates can be
followed by spectrophotometry, allowing a continuous
monitoring of enzyme activity. Moreover, with the thioester
substrates, deacylation is rate-limiting with several enzymes,
so that the complete catalytic pathway could be more easily
studied (11). In this studyN-benzoyl-D-Ala-thiolactate (1)
and N-benzoyl-D-Ala-thioglycolate (2) (see Chart 1) were
synthesized and used as substrates to monitor the activity of
StreptomycesR61.

The continued efficiency ofâ-lactam antibiotics is increas-
ingly compromised by the ability of bacteria to produce more
and moreâ-lactamases. The present strategy to overcome
this problem is to use a combination of aâ-lactam antibiotic
and an inhibitor ofâ-lactamase. Ideally, it would be useful
to have a single drug which inhibited both the transpeptidases
and theâ-lactamases. This has already been reported using
boronic acids (12) and phosphonates (13).

â-Sultams (1,2-thiazetidine 1,1-dioxides) are cyclic sul-
fonamides and the sulfonyl analogues ofâ-lactams. Sul-
fonamides have not been explored as potential sulfonylating
agents of enzymes because of their general low reactivity.
However, we have shown (14) that the reactivity ofâ-sultams
contrasts strongly with that of their acyclic sulfonamide
counterparts (ca. 108-fold more reactive) and is even 102-
103-fold more reactive than the correspondingâ-lactams. We
have shown thatâ-sultams are inhibitors of a serineâ-lac-
tamase (15) as well as the serine protease elastase (16) and
that this is due to sulfonylation of the active site serine
(Scheme 3). Herein we report the inhibitory properties of
â-sultams withStreptomycesR61 DD-peptidase. Crystal-
lography has been useful for observing substrates and
inhibitors covalently bound toDD-peptidases (17-20);
however, the efficiency of substrate hydrolysis in the R61
crystals has made the observations of substrate analogues
difficult.

EXPERIMENTAL PROCEDURES

Materials. Streptomycessp. R61DD-peptidase was pre-
pared as described previously (21) and used as a 0.5 mg/
mL aqueous solution in 10 mM Tris buffer, pH 8. AnalaR
grade reagents were purchased from Sigma, and deionized
water was used throughout.

Methods.HPLC experiments were carried out in a Beck-
mann System Gold model 127 pump and model 168 diode
array detector fitted with a Lichospher 100RP-18, 5 mm,
column. The solvent was 5% H2O (1% TFA)/CH3CN, flow
) 0.5 mL/min, andλ ) 230 nm. ESIMS experiments were
carried out on a VG Quattro SQ II (Micromass, Altrincham,
England).1H NMR and13C NMR experiments were carried
out on a Bruker 400 MHz (Rheinstetten, Germany). Standard
UV spectroscopy was carried out on a Cary 1E UV-visible
spectrophotometer (Varian, Mulgrave, Australia) equipped
with a 12-compartment cell block. The instrument was used
in double beam mode, allowing six reaction cells to be
followed in single run. The cell block was thermostated using
a peltier system.

Synthesis.The synthesis ofN-benzoyl-D-Ala-thio-D-lactate
(1) andN-benzoyl-D-Ala-thioglycolate (2) is described in the
Supporting Information. Taurinesulfonyl chloride, 1,2-thi-
azetidine 1,1-dioxide, and 2-benzoyl-1,2-thiazetidine 1,1-
dioxide (3) were prepared as previously described (22).

2-(4′-Methoxybenzoyl)-1,2-thiazetidine 1,1-Dioxide (4).
4-Methoxybenzoyl chloride (1.59 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) in anhydrous DCM (50 mL)
at -78 °C. The reaction mixture was stirred for 30 min
before triethylamine (0.94 g, 9.29 mmol) was added dropwise
over 10 min at-78 °C forming a white precipitate. The
mixture was then allowed to stir at room temperature for 24
h before the reaction mixture was filtered and the solvent
removed by reduced pressure rotary evaporation at 30°C.
The colorless oil was purified using column chromatography
(silica, 50 g) (3:2 ether:DCM):Rf ) 0.35 (1.2 g, 53%); mp
98-99 °C; IR (neat,ν, cm-1) 3035, 2977, 2841, 1662, 1606,
1513, 1327, 1262, 1201, 1156, 1031;1H NMR (δ, ppm,
CDCl3) 8.01 (2H, d,J ) 8.95 Hz, Ha/Hc), 7.01 (2H, d,J )
8.87 Hz, Hb/Hd), 4.27 (2H, t,J ) 7.35 Hz, CH2SO2), 3.98
(2H, t, J ) 7.22 Hz, CH2-N), 3.88 (H, s, CH3); 13C NMR
(δ, ppm, CDCl3) 163.95 (CO), 132.25 [quaternary carbon
(1)], 130.87 (CH a/c), 124.26 [quaternary carbon (2)], 114.22
(CH b/d), 55.56 (CH2-SO2), 55.45 (CH3), 30.72 (CH2-N);
HREI-MS [M + H]+ for C9H9NO3S calculated, 242.2734;
measured, 242.2732.

2-(4′-Chlorobenzoyl)-1,2-thiazetidine 1,1-Dioxide (5).
4-Chlorobenzoyl chloride (1.63 g, 9.31 mmol) was added
dropwise to a solution 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 (1.2 mL, 9.31
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 30°C. The
pale yellow oil was purified by column chromatography (3:2
ether:DCM): Rf ) 0.57 (0.89 g, 39%); mp 84-86 °C; IR
(neat,ν, cm-1) 1676, 1593, 1404, 1357, 1323, 1159, 1092,
1016;1H NMR (δ, ppm, CDCl3) 7.96 (2H, d,J ) 8.64 Hz,
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Ha/Hc), 7.51 (2H, d,J ) 8.69 Hz, Hb/Hd), 4.33 (2H, t,J )
7.10 Hz, CH2SO2), 3.93 (2H, t,J ) 7.07 Hz, CH2N); 13C
NMR (δ, ppm, CDCl3) 166.2 (CdO), 140.2 [quaternary
carbon (1)], 134.5 [quaternary carbon (2)], 129.85 (CH a/c),
129.34 (CH b/d), 57.0 (CH2SO2), 30.9 (CH2N); HREI-MS
(EI) for C9H8ClNO3S calculated, 244.9908; measured,
244.9905.

2-(4′-Nitrobenzoyl)-1,2-thiazetidine 1,1-Dioxide (6). 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 30°C. The colorless oil
was purified by column chromatography (silica, 35 g) (3:2
hexane:EtOAc):Rf ) 0.28 (0.82 g, 34%); mp 90-92 °C;
IR (neat,ν, cm-1) 3114, 3057, 1664, 1604, 1521, 1347, 1324,
1284, 1215, 1164;1H NMR (δ, ppm, CDCl3) 8.27 (2H, d,J
) 8.86 Hz, Hb/Hd), 8.06 (2H, d,J ) 8.83 Hz, Ha/Hc), 4.37
(2H, t, J ) 7.15 Hz, CH2SO2), 3.88 (2H, t,J ) 7.22 Hz,
CH2N); 13C NMR (δ, ppm, CDCl3) 165.88 (CdO), 149.98
[quaternary carbon (2)], 137.14 [quaternary carbon (1)],
129.02 (CH b/d), 123.45 (CH a/c), 57.34 (CH2SO2), 30.86
(CH2N); HREI-MS (EI) for C9H8N2O5S calculated, 256.0148;
measured, 256.0151.

Kinetics Studies. (a) Nonenzyme-Catalyzed Hydrolysis.
The rate of hydrolysis ofN-benzoyl-â-sultam (3) was
obtained spectrophotometrically by following the absorbance
decrease at 250 nm as a function of time at 30°C, I ) 1.0
mol dm-3 (KCl), in 5% MeCN (v/v). For solution pHsg3
ande11 the pH was controlled by the use of 0.1 mol dm-3

buffer solutions. The following buffers were used: sodium
formate (pKa 3.75), sodium acetate (pKa 4.72), MES (pKa

6.1), MOPS (pKa 7.2), TAPS (pKa 8.4), CAPSO (pKa 9.6),
and CAPS (pKa 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
followed by measuring the decrease in absorbance at 285
nm for Bz-D-Ala-thioglycolate (2) and at 280 nm for Bz-D-
Ala-thio-D-lactate (1), as a function of time at 30°C andI
) 1.0 mol dm-3 (KCl). Generally, 10µL of a stock solution
of substrate (0.08 mol dm-3 in dry acetonitrile) was injected
into 2.0 mL of buffer solution (0.01-0.10 mol dm-3) to give
a concentration in the assay cell of 4× 10-4 mol dm-3.
Hydroxide ion concentrations were calculated from the
measured pH and using pKw(H2O) ) 13.83 at 30°C (23).

(b) R61-Catalyzed Hydrolysis of Bz-D-Ala-thioglycolate (2)
and Bz-D-Ala-thio-D-lactate (1). Generally, 25µL of a stock
solution of thioester substrate was injected into 2.5 mL of
buffer solution [0.05 mol dm-3, 30°C, andI ) 1.0 mol dm-3

(KCl)] followed by 25 µL of a stock solution of enzyme.
Usually, the substrate and enzyme concentrations in the cell
were 8× 10-4 mol dm-3 and 3.3× 10-8 to 1.8× 10-7 mol
dm-3, respectively. Hydrolysis of the substrates was followed
by measuring the decrease in absorbance at 285 nm for Bz-
D-Ala-thioglycolate (2) and at 280 nm for Bz-D-Ala-thio-D-
lactate (1), as a function of time. The kinetic constants were
generally determined by following the entire first-order

course of the reaction (5-10 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 error of(3%.
Curve fittings were achieved using SCIENTIST (MicroMath
Scientific Software, St. Louis, MO) software.

(c) Inhibition of Streptomyces R61 by N-Aroyl-â-sultams
(3-6). Twenty microliters of a stock solution of theN-aroyl-
â-sultam (1.24× 10-2 mol dm-3 in dry acetonitrile) were
injected into 2.0 mL of buffer solution (MES, pH) 5.96,I
) 0.1 mol dm-3) to give concentrations ofâ-sultam in the
assay cells of 1.10-1.30× 10-4 mol dm-3. Hydroxide ion
concentrations were calculated from the measured pH and
using pKw(H2O) ) 13.83 at 30°C (23).

In a typical time-dependent inhibition experiment, an
incubation cell ([R61]) 3.85× 10-7 mol dm-3, [â-sultam]
) 2.29× 10-4 mol dm-3 in MES buffer, pH) 5.96) at 30
°C and 50µL were injected at different time intervals into
2 mL of MOPS buffer, pH) 7.00, containing a thioester
(Bz-D-Ala-thioglycolate ) 2.02 × 10-4 mol dm-3) to
measure enzyme activity. Control experiments were per-
formed in the absence ofâ-sultam. 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
decreasingâ-sultam concentration due to hydrolysis. Because
the competing alkaline hydrolysis reaction reduces the
concentration of the inhibitor present with time, it conse-
quently reduces the rate of the enzyme inactivation. To
correct for this, the results of the inactivations were normal-
ized with respect to the decreasingâ-sultam concentration
using the equation:

(d) X-ray Crystallographic Studies.The R61DD-peptidase
was crystallized using the hanging drop vapor diffusion
method as described in ref24. The covalent complex with3
was obtained by soaking a 0.35× 0.2 × 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 package (25). Statistics for the data
collection are provided in Table 1.

Initial phases were derived from the native R61DD-
peptidase structure (PDB ID 3PTE). The crystallographic
model was refined using the program CNS (26) against data
to 1.5 Å resolution. Solvent molecules having reasonable
hydrogen bond distances and geometry were added, taking
care to avoid modeling the electron density of the bound

normalized rate at timet )
(observed rate/[sultam]o)[sultam]t
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inhibitor as solvent. Once the refinement converged (Rcryst

) 0.205,Rfree ) 0.211), the model was refined further using
SHELX-97 (27). After isotropic refinement to the full
resolution, 1.05 Å, anisotropic displacement parameters were
refined for all non-hydrogen atoms. Anisotropic refinement
resulted in a 4.0% drop inRfree. Iterative cycles of fitting in
XtalView (28) followed by refinement in SHELXL continued
until the R factors converged at 0.120 and 0.145. At this
point, all hydrogens except those in methyl and hydroxyl
groups were added to the model using the riding model in
SHELXL. Adding hydrogen atoms resulted in a 0.9% drop
in Rfree.

RESULTS AND DISCUSSION

pH-Rate Profile for the R61-Catalyzed Hydrolysis of
Thioester Substrates.The total reaction profile for the
hydrolysis of the thioesters (1 and2) catalyzed by R61 was
followed to give pseudo-first-order rate constantskobs that
were proportional to enzyme concentration. No effective
saturation of the enzyme-catalyzed reaction was observed
at substrate concentrations up to 2 mM. Hence, it was not
possible to obtain reliable values forkcat and Km. Plotting
the rate constantskobsagainst the enzyme concentration gave
the second-order rate constantskcat/Km which at pH 7 were
5.04× 103 M-1 s-1 for 1 and 1.38× 104 M-1 s-1 for 2. It
is evident from these values that although the thioesters (1
and2) are convenient for UV assays of R61, they are only
moderately good substrates for an “activated” derivative. The
estimatedKm values are relatively high, indicating a poor
degree of enzyme-substrate binding. The activity of R61
was determined in buffer solutions of pH 4-9, and Figure
1 shows the dependence ofkcat/Km upon pH for hydrolysis
of the thioester substrate (2) catalyzed by R61 at 30°C and
I ) 1.0 M (KCl) at various pHs.

The pH-rate profile indicates that a single ionization of
pKa 4.99 ( 0.09 determines enzyme activity and that this

acid group needs to be in its deprotonated form for maximum
enzyme activity. There is no evidence of other ionizable and
catalytically important groups, and the enzyme activity is
characterized by a large pH-independent region from pH 6
to pH 9. Similar observations were seen with the thioester
substrate (1).

The low pKa of 5.0 could be due to the ionization of a
carboxylic acid residue, but there appears to be no such
residue in the active site, so this may reflect a base with a
severely reduced pKa. Possible candidates are Lys 65 or Tyr
159, which are placed at an adequate distance (Figure 3)
and are capable of acting as a general base catalyst for the
acylation step. These residues have been previously suggested
to act as general base catalysts (20, 29, 30), but without
knowledge of the pKa. A pKa of 5.0 would be an extraor-
dinary reduction in the base strength of either a lysine or
tyrosine residue. An alternative explanation is that the pKa

might reflect the deprotonation of the carboxylate on the
substrates used in these studies. However, this is high for
such a carboxylic acid, which would be expected to have a
pKa of about 3.5. It has been observed that theKm for a
peptide substrate increased going from pH 6 to pH 5 (31),
but unfortunately, the study did not extend below pH 5. It is
notable that effectiveâ-lactams generally possess a carboxy-
late that binds in the active site in a position similar to that
of the carboxylate of peptide substrates. Enhanced substrate
binding due to ionization should be characterized by a lower
Km value, but theKm values were experimentally inaccessible
in these studies.

InactiVation of R61 byâ-Sultams.To test the inhibitory
properties ofN-acyl-â-sultams with respect to R61, the
enzyme andâ-sultam were incubated together in a buffered
solution that was referred to as the incubation cell. Aliquots
of the incubation solution containing enzyme andâ-sultam
were then removed from the incubation cell after timet and
assayed for enzyme activity against the thioester substrate
(2) in separate assay cells at pH 6. These assays showed a

Table 1: Crystallographic Data for the Complex with
N-Benzoyl-â-sultam (3)

resolution limit (Å) 1.05
no. of reflections

measured 1217198
unique 152562
reflections,F > 4σ 133622

completeness (%)
all data 95.9
highest resolution shell 84.4

Rsym* (on I)
all data 0.069
highest resolution shell 0.311

I/σ(I)
all data 30.5
highest resolution shell 4.9

refinement
resolution (Å) 10-1.05
Rcryst (all data) 0.114
Rfree 0.136

data in test set 7557
non-hydrogen atoms 3096
rms deviations

bond lengths (Å) 0.014
angles (deg) 0.98

averageB factor (all atoms) (Å2) 12.4
averageB factor of3 (covalent)a (Å2) 14.7
averageB factor of3 (noncovalent)a (Å2) 12.2

a There are two molecules of3 in this structure. One is bound
covalently to Ser 62 Oγ, while the other makes fortuitous interactions
with a region of the active site involved in recognition of the natural
cell wall peptide.

FIGURE 1: Second-order rate constants (kcat/Km) (O) for the
hydrolysis of Bz-D-Ala-thioglycolate catalyzed byStreptomycesR61
as a function of pH. Also shown are the second-order rate constants
ki (2) for the inhibition of R61 byN-benzoyl-â-sultam. Rate
constants were measured at 30°C and I ) 1.0 mol dm-3 (KCl)
and have an estimated error of(3%.
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time-dependent decrease in enzyme activity and tended
toward zero with increasingt. If the enzyme was incubated
alone under exactly the same conditions but in the absence
of â-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 againstt. This gave apparent first-order rate
constants for inactivation (Figure 2), which showed a first-
order dependence on theâ-sultam 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 concentra-
tion. Second-order rate constants for inactivation,ki, were
obtained either by dividing the observed rate of inactivation
by inhibitor concentration,kobs/[I], 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-â-sultams and at high pH there were
problems with the accurate determination of rate constants
for the inactivation process because of the competing base-
catalyzed hydrolysis of these compounds. The actual con-
centration ofâ-sultam present was then calculated for each
time period. The second-order rate constantski for the
inactivation of R61 by various substitutedâ-sultams are given
in Table 2.

EVidence for ActiVe Site Sulfonylation. (a) pH Dependence
of InactiVation. The N-benzoyl-â-sultam (3) is a time-

dependent inhibitor of the R61DD-peptidase, and its second-
order rate constant for inactivation (ki) varies with pH in a
manner very similar to that of the second-order rate constant,
kcat/Km, for the hydrolysis of the thioester substrate (1 and
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 Data.Sulfonylation
of the R61 enzyme byâ-sultams as shown in Scheme 3 was
confirmed by ESIMS. Samples of R61 inactivated by
N-benzoyl-â-sultam (3) were subjected to ESIMS analysis;
native R61 gave MW 37580 Da. Incubation of the enzyme
with N-benzoyl-â-sultam (3) (MW 211 Da) showed a rapid
formation of the sulfonylated adduct at 37791 Da corre-
sponding to 1 mol of boundâ-sultam.

X-ray crystallography revealed that ring opening of the
â-sultam was part of the inactivation process (Figure 3). The
structure, determined to 1.1 Å resolution, shows a sulfonate
ester formed with Ser 62 Oγ. Interestingly, the inhibitor
makes very few specific interactions with the enzyme active
site. Indeed, mostâ-lactam compounds and peptide substrates
make extensive interactions with residues in the enzyme’s
trough-like active site.N-Benzoyl-â-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 (33), 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
Oγ. Another surprising aspect of this structure is that3 does
not bind in the oxyanion hole. To date, all compounds studied
crystallographically with the R61DD-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
â-lactamases inhibited withâ-lactam derivatives (32). The
benzyl ring of theâ-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. Modifyingâ-sultams
with additional functionalities to allow more specific interac-
tions with the enzyme active site will likely improve these
compounds asDD-peptidase inhibitors.

In addition to the inhibitor molecule covalently bound to
Ser 62 Oγ, there is a second molecule bound to the substrate
specificity site of the active site (33). This region of the active
site normally binds the glycine-L-diaminopimelic acid moiety
of the natural cell wall peptide. In particular, two residues,
Ser 326 and Asn 327, hydrogen bond with a carboxylate of
this substrate. In theâ-sultam-inhibited structure, two sulfate
oxygens of a hydrolyzed molecule ofN-benzoyl-â-sultam
are fortuitously able to hydrogen bond to Ser 326 and Asn
327. As these are the only hydrogen-bonding interactions

FIGURE 2: Plot of percent activity ofStreptomycesR61 against
incubation time for the inactivation ofDD-peptidase R61 by
N-methoxybenzoyl-â-sultam (4) at pH 7.00 and 30°C in 0.1 mol
dm-3 MOPS buffer,I ) 1.0 mol dm-3 (KCl), 6.93 × 10-8 mol
dm-3 DD-peptidase R61, and 5.82× 10-6 mol dm-3 N-methoxy-
benzoyl-â-sultam.

Table 2: Second-Order Rate Constants,kOH, for Hydroxide Ion
Catalyzed Hydrolysis andki for Inhibition of R61 at pH 7, 30°C,
and I ) 1.0 mol dm-3 for N-Aroyl-â-sultamsa

N-aroyl-â-sultam

N-p-nitro
(6)

N-p-chloro
(5)

N-benzoyl
(3)

N-p-methoxy
(4)

kOH/M-1 s-1 5.18× 104 2.08× 104 1.38× 104 8.99× 103

ki/M-1 s-1 4.78× 103 1.64× 103 7.00× 102 3.79× 102

a Rate constants have an estimated error of(3%.
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this second molecule of3 makes with the enzyme, the
inhibitor is clearly not being recognized by the species
specificity site. Since the sulfonyl enzyme is shown to be
stable for more than 4 weeks, we presume that the hydrolyzed
molecule of 3 bound at the periphery of the active site
ultimately derives from solvent-catalyzed hydrolysis of this
rather labile compound.

N-Acylsulfonamides have been used previously to inac-
tivate serine enzymes (8). However, the mechanism invari-
ably involves acylation and C-N bond fission with the serine
hydroxyl group attacking the amide to displace the sulfona-
mide as the leaving group. Although theâ-sultams reported
here are also formallyN-acylsulfonamides, inactivation
occurs by sulfonylation as a result of serine nucleophilic
attack on the sulfonyl center and displacement of the amide
as a leaving group, showing preferential S-N over C-N
fission (Scheme 4).

(c) Catalysis of Sulfonyl Transfer.As active site-directed
inhibition is occurring in the inactivation of R61 byN-ben-
zoyl-â-sultam (3), it appears that the catalytic machinery of
R61 is catalyzing the sulfonyl transfer process. This indicates

a significant degree of flexibility within the enzyme as the
stereochemical requirements for catalysis of a reaction
involving sulfonyl transfer with a trigonal bipyramidal
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
catalyzed by serine enzymes that are formally considered to
catalyze only acyl transfer (15). For example, serine proteases
possess an oxyanion hole, as does R61, which is used to
stabilize the oxyanion in the tetrahedral intermediate (TI)
formed after attack of the serine oxygen at a carbonyl center.
This oxyanion will lie at ca. 109° to the newly formed serine
O-C bond. In contrast, the oxyanion formed by attack at
theâ-sultam sulfonyl center is likely to occupy an equatorial
position in a trigonal bipyramidal intermediate (TBPI) or
transition state and will therefore lie at ca. 90° to the serine
O-S bond. Although C-N bond fission in the hydrolysis
of amides requires general acid catalysis to facilitate amine
expulsion, the reactivity ofN-acyl-â-sultams and their amide
leaving groups may allow ring opening to occur without
N-protonation. The catalysis of sulfonyl transfer from the
â-sultam to the active site serine of R61 may therefore only
be possible because ring opening occurs in a single step
without general acid catalysis (Scheme 3) (13).

(d) ReactiVation. The inactivation of the R61 enzyme is
irreversible, and the resulting sulfonyl enzyme is stable for
up to 4 weeks in the incubation solution at 30°C. By contrast
for some serine proteases, such asR-chymotrypsin, inacti-
vated by sulfonyl fluorides (16, 34), it is possible to reactivate
the enzyme above pH 8.5 (35). The sulfonyl R61 enzyme
inactivated byN-benzoyl-â-sultam was not reactivated by
treatment with hydroxylamine and showed no evidence of
mass loss by ESIMS.

FIGURE 3: (a) Stereoview of the|Fo| - |Fc| electron density map calculated with Ser 62 and the inhibitor (3) omitted from the model. The
omit map is contoured at 3σ and clearly shows the sulfonylated acyl-enzyme, withN-benzoyl-â-sultam bound to the serine 62 Oγ. (b)
Stereoview of the active site showing the interactionsN-benzoyl-â-sultam makes with the R61 active site. The distances for these interactions
are as follows: a, 3.0 Å; b, 3.0 Å; c, 2.7 Å; d, 2.5 Å; e, 2.7 Å; f, 3.0 Å. Both figures were created using PovScript (38) and rendered with
PovRay.

Scheme 4
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(e) Structure-ActiVity Relationships.The fact that the
â-sultam has ring opened upon inactivation of the enzyme
confirms the necessity of S-N fission for activity. However,
it is important to separate the effects of substituents on
chemical reactivity and molecular recognition. For example,
N-substituents not only influence the rate of S-N bond
fission and reaction through inductive effects, altering the
electrophilicity of the sulfonyl center, N-basicity, and amine
nucleofugacity, but also change binding energies through
molecular recognition effects such as interactions between
the substituent and a binding pocket in the enzyme. The least
effective R61 inhibitor in the simpleN-aroyl-â-sultams is
also the least reactive, theN-p-methoxybenzoyl compound
(4) with a kOH of 8.99× 103 M-1 s-1. A comparison of the
ki values at pH 7 with the second-order rate constants for
hydroxide ion hydrolysis,kOH values (Table 2), for the
N-aroylated compounds indicates that their relative effective-
ness as R61 inhibitors is largely due to variations in their
chemical reactivity.

The effect of changing the basicity of the leaving group
in â-sultams on the rate of inactivation of R61 was
investigated by different aryl substituents inN-aroyl-â-
sultams. The second-order rate constants for inactivation,ki,
for a series of substituted derivatives are given in Table 2.
Electron-withdrawing substituents in theN-aroyl residue
increase the rate of inactivation. These constants give an
opportunity to use linear free energy relationships to help to
elucidate the reaction mechanism and the transition state
structure. Although the pKas of the amide leaving groups
are not known, those of the corresponding carboxylic acids
are readily available. A Bro¨nsted-type plot of the logarithm
of ki against the pKa of the analogous carboxylic acid is
shown in Figure 4, the slope of which gives a Bro¨nstedâlg

of -1.06. This value is indicative of a development of a
significant negative charge on the amide nitrogen leaving
group compared with the relative positive effective charge

of at least 0.7+ on the nitrogen in the reactant (36). It
suggests the leaving group is expelled as the amide anion
and that S-N bond fission is almost complete in the
transition state (Scheme 5).

The second-order rate constants,kOH, for the alkaline
hydrolysis of the same series ofN-aroyl-â-sultams are also
given in Table 2. The corresponding Bro¨nsted-type plot for
these values generates aâlg of -0.71 (Figure 4), indicative
of much less change in charge on the leaving nitrogen in
the transition state. If a trigonal bipyramidal intermediate is
formed in the alkaline hydrolysis ofN-aroyl-â-sultams (37)
and if the rate of S-N 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. ForN-aroyl-â-sultams
N-protonation of the leaving group amide is thermodynami-
cally unfavorable and amide anion expulsion could occur,
but at a rate which is comparable or even slower than that
for hydroxide ion. Therefore, breakdown of the intermediate
may become rate limiting.

Compared with the base-catalyzed hydrolysis ofN-aroyl-
â-sultams by hydroxide ion, the R61 enzyme reaction appears
to cause a move to a transition state later along the reaction
coordinate. The different Bro¨nsted âlg values indicate
considerably more S-N bond fission in the transition state
for the enzyme-catalyzed reaction. The enzyme appears to
be using some of its catalytic machinery to facilitate the
sulfonylation reaction, but presumably the geometry of the
displacement reaction is not ideal. The host of favorable
noncovalent interactions, evolved by the enzyme to stabilize
the transition state for the “natural” substrate, is not fully
available to lower the activation energy for theâ-sultams,
and so the transition state occurs later along the reaction
coordinate.

The rates of enzyme inactivation observed could be
increased if recognition elements are built into the structure
of theâ-sultams.â-Sultams (3-6) are far from ideal as R61
inhibitors as they are relatively hydrolytically labile. Suitable
substituents could improve binding to R61 and hence increase
the rate of inactivation of the serine residue. Second, they
may reduce the hydrolytic lability of the inhibitor, thus
making it more stable in aqueous solution and in a biological
environment.

In conclusion,N-aroyl-â-sultams are a novel class of
inhibitor compounds that inactivate serine enzymes by
irreversible sulfonylation of the active site serine residue.
They are inactive toward enzymes lacking active serine
residues, such as the metallo-â-lactamases, indicating that
specific sulfonylation of active site residues takes place.

SUPPORTING INFORMATION AVAILABLE

Synthesis of the substratesN-benzoyl-D-Ala-thio-D-lactate
(1) andN-benzoyl-D-Ala-thioglycolate (2). This material is
available free of charge via the Internet at http://pubs.acs.org.

FIGURE 4: Brönsted plots forN-aroyl-â-sultams: alkaline hydroly-
sis,kOH (b), and R61 inhibition,ki (2).

Scheme 5
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