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N-Benzoyl b-sultam is an irreversible inactivator of elastase
by sulfonation of the active site serine.

Human neutrophil elastase (HNE) is a serine enzyme which is
one of the most destructive proteolytic enzymes, being able to
catalyse the hydrolysis of the components of connective tissue.
It has been implicated in the development of diseases such as
emphysema, cystic fibrosis and rheumatoid arthritis and there
have been numerous studies attempting to find small molecule
inhibitors of HNE.1 The structure of HNE has been determined
by X-ray crystallography,2 but most structural and inhibition
studies have been conducted with the related, but more readily
available, porcine pancreatic elastase (PPE).3

The majority of elastase inhibitors are based on a similarity to
other serine protease inhibitors, such as peptidyl fluoroketones4

or ketones attached to a strongly electron withdrawing group.5
An alternative strategy has been to use acylating agents as
inhibitors that generate an acyl enzyme which does not
turnover. For example, bicyclic [3.3.0] systems containing a g-
lactone or g-lactam which is trans-fused to the other 5-mem-
bered ring inhibit HNE by acylating the nucleophilic hydroxy
group of serine-195 in the active site of the enzyme.6

Interestingly, the classical b-lactams, traditionally used as
anti-bacterial agents by inhibiting serine transpeptidases,7 have
also been shown to be mechanism based inhibitors of elastase
when used as neutral derivatives.8 ESI-MS and NMR studies
have shown that the first step is an acylation process in which
the four membered b-lactam ring is opened.9 The requirements
for inhibition of elastase by monocyclic lactams have been
recently described.10

In principle, sulfonation of serine proteases offers an
interesting but largely unexplored strategy for inhibition as an
alternative to the traditional mechanism-based acylation proc-
ess. In addition to their normal acyl substrates, serine proteases
are known to react with other electrophilic centres such as
phosphonyl derivatives.11 The main reason why sulfonation of
serine enzymes is not a well studied process is because sulfonyl
derivatives are much less reactive than their acyl counterparts.12

For example, sulfonamides are extremely resisitant to alkaline
and acidic hydrolysis and, in general, sulfonyl transfer reactions
are 102 to 104 fold slower than the corresponding acyl transfer
process. However, we have recently shown that the rates of
alkaline and acid hydrolysis of N-alkyl and N-aryl b-sultams are
102 to 103 fold greater than those for the corresponding b-
lactams.13 b-Sultams show extraordinary rate enhancements of
109 and 107, respectively, compared with the acid and base
catalysed hydrolysis of the corresponding acyclic sulfona-
mides.14 Therefore b-sultams are excellent candidates to
explore the mechanism of sulfonation and possible inhibition of
serine protease enzymes. Ring opening of the b-sultam would
give the sulfonate ester, by analogy to the acyl enzyme
intermediate formed during the hydrolysis of normal substrates.
Either formation of the sulfonated enzyme could itself lead to
inactivation because of its resistance to hydrolysis or the
sulfonate ester could undergo a further reaction giving rise to a
loss of enzyme activity.

The unsubstituted b-sultam, 1,2-thiazetidine 1,2-dioxide,13

was reacted with benzoyl chloride in the presence of triethyla-
mine with a catalytic amount of DMAP to give N-benzoyl b-
sultam, 1, which was found to be a time dependent inactivator
of PPE. The activity of PPE was measured by the rate of the
enzyme catalysed hydrolysis of the chromophoric substrate N-
succinyl-L-(Ala)3-p-nitroanilide (6.0 3 1025 M) at 390 nm at 30
°C in 0.1 M TAPS buffer, pH 8.5 and I = 1.0 M (KCl). The
substrate stock solution was dissolved in MeOH but because it
was found that MeOH decreased enzyme activity (although not
as much as the commonly used solvent DMSO) all assays were
conducted at a constant MeOH concentration of 1.5% v/v. The
enzyme (8.0 3 1025 M) and the b-sultam, at a variable
concentration of up to 5 3 1023 M, were incubated together at
30 °C, 0.04 M buffer 20% v/v acetonitrile. Aliquots of this
solution were assayed for PPE activity at various time intervals
by injection into pH 8.5 TAPS buffer solution with final assay
conditions of 6.0 3 1025 M substrate, 1.5 3 1026 M PPE, 6%
v/v acetonitrile and 1.5% MeOH v/v. In all cases, control
incubations were performed at the same time and under
identical conditions, except for the omission of the b-sultam.
Initial rates were determined, using De = 12 400 M21 cm21, to
give a measure of enzyme activity and taking the control as
100% activity. The results show exponential rates of inactiva-
tion which give first order rate constants, kobs, dependent on the
b-sultam concentration. The corresponding second order rate
constants for inactivation, ki, were obtained from the slopes of
plots of kobs against b-sultam concentration. At pH 7.0, this was
4 M21 s21 but the rate constant was found to vary with pH.
Where necessary the inactivator concentration was normalised
due to the competing hydrolysis of the b-sultam. A plot of the
dependence of ki on pH indicates a similar behaviour to that for
the hydrolysis of the substrate (Fig. 1). It appears that the
inactivation of PPE by the b-sultam uses the same catalytic
machinery as hydrolysis at the active site.

The enzyme was completely deactivated by 1 and, after
inactivation, the enzyme showed no sign of recovery after 4 d at
30 °C. ESI-MS analysis indicated that the b-sultam (theoretical
Mr = 211.24 Da) reacted with PPE (25904, 25943 (potassium
adduct) Da) to give both mono- (26115, 26153 Da) and di-
(26326, 26364 Da) sulfonated adducts. Furthermore, sulfona-
tion was confirmed by X-ray crystallography of crystals
obtained by soaking native PPE crystals for 24 h at pH 5 in a
saturated solution of the b-sultam inhibitor (1). The soaked
crystals were isomorphous to native PPE and there was no
significant change in unit cell parameters. The resultant 1.67 Å
resolution structure (Fig. 2) shows the b-sultam ring has been
opened and there is well-defined electron density for a sulfonate
ester between the inhibitor and Ser-195. Although the atoms
originating from the b-sultam ring are clearly defined, no
density is visible for the benzoyl group, probably due to
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disorder. An alternative possibility is that the amide bond has
been hydrolysed either before or after ring-opening by Ser-195,
but there was no evidence for this in the ESI-MS analysis.

One oxygen atom of the sulfonate is located in the oxyanion
hole within hydrogen bonding distance of the amido-nitrogen
atoms of Ser-195 (3.02 Å) and Gly-193 (3.23 Å). The other
sulfonate oxygen atom is located in the upper part of the S1
pocket. It is worth noting that the native enzyme crystallises
with a sulfate ion in the oxyanion hole. The other atoms of the
ring-opened b-sultam are located in the P1/P2 region. The side
chain of His-57 has been displaced by approximately 90° from
its normal location and to a position similar to that observed in
the structure of a g-lactam inhibitor bound to PPE.15 The
electron density map is consistent with the presence of two
water molecules (Wat-342 and Wat-355) occupying the ‘native’
position of His-57.16 Another water molecule in the vicinity
(Wat-371) is located in a similar position to the hydrolytic water
observed in the structure of an acyl-enzyme intermediate
between PPE and a peptide inhibitor.17

The electron density map indicates that the side chain of His-
57 clearly has extra density extending from its Ne2 atom. This
may reflect the sulfonation of His-57 by another molecule of the
b-sultam inhibitor consistent with the ESI-MS results. However
the ‘extra’ electron density is not sufficiently well-defined for
any atoms to be built in. We are improving the selectivity of
inactivation by synthesising b-sultams with suitably placed
substituents.

It is generally accepted that nucleophilic substitution at acyl
centres proceeds through the formation of an unstable tetra-
hedral intermediate (TI). Furthermore, it is assumed that there is
some preferential direction of nucleophilic attack such that the
incoming nucleophile approaches at approximately the tetra-
hedral angle to the carbonyl group. By contrast, the mechanism
for sulfonyl group transfer often involves a pentacoordinate
intermediate or transition state with trigonal bipyramidal
geometry.13 It is often assumed, but with little actual supporting
evidence, that enzymes catalyse reactions by an exquisite
positioning of the catalytic groups. If this were the case then it
is doubtful if an enzyme with a primary function, say, as a
catalyst for acyl transfer could be an effective catalyst for
sulfonyl transfer because of these geometrical differences.

However, we have shown, for example, that b-lactamase is
almost as efficient at catalysing P–N fission in phosphonami-
dates as it is at increasing the rate of C–N cleavage in b-
lactams.18 It appears also that similar catalytic machinery is
used by elastase for both hydrolysis of peptides and for its
inactivation by b-sultams.
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Fig. 2 Stereo views of the active site of PPE (in green) showing the N-benzoyl b-sultam (1) (in beige) covalently linked via a sulfonate ester to Ser-195 and
the ‘native’ position of His-57 in thin lines.

Fig. 1 The pH dependence of the rate constants kcat/Km, for the hydrolysis
of N-succinyl-L-(ala)3-p-nitroanilide by PPE (5 Left Hand scale), and ki, for
the inactivation of PPE by N-benzoyl b-sultam (: Right Hand scale).
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