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1,2,5-Thiadiazolidin-3-one 1,1-Dioxide Derivatives†
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The mechanism of action of a general class of mechanism-based inhibitors of serine proteases, including
human neutrophil elastase (HNE), has been elucidated by determining the X-ray crystal structure of an
enzyme–inhibitor complex. The captured intermediate indicates that processing of inhibitor by the enzyme
generates an N-sulfonyl imine functionality that is tethered to Ser195, in accordance with the postulated
mechanism of action of this class of inhibitors. The identity of the HNE-N-sulfonyl imine species was
further corroborated using electrospray ionization mass spectrometry.

Introduction

Mechanism-based (suicide) inhibitors have been extensively
used in mechanistic enzymology, and drug design and discov-
ery.1 Indeed, several drugs currently in the clinic exert their
effects by utilizing a mechanism-based type of inhibition. A
mechanism-based inhibitor is typically a molecule of low
reactivity that acts as a substrate and is processed by the catalytic
machinery of an enzyme, generating a reactive electrophilic
species while tethered to the active site. Subsequent reaction
with an active site nucleophilic residue leads to irreversible
inactivation of the enzyme. A noteworthy advantage of this type
of inhibitor is its potentially high enzyme selectivity because
the latent electrophilic species is unmasked following catalytic
processing of the inhibitor by the target enzyme only.

A major focus of our research has been the design of
mechanism-based inhibitors of proteases, in particular, serine
proteases believed to be involved in chronic obstructive
pulmonary disease (COPD) and related inflammatory ailments.2

We have recently described the structure-based design of the
1,2,5-thiadiazolidin-3-one 1,1-dioxide scaffold (I; Figure 1) and
its subsequent utilization in the design of mechanism-based
inhibitors of chymotrypsin-like serine proteases. Specifically,
we have demonstrated that compounds represented by structure
I, where L is an appropriate leaving group, function as potent,
time-dependent, irreversible inhibitors of human neutrophil
elastase (HNEa) and related serine proteases.3 It was also
established that inhibitory potency is dependent not only on the
pKa of the leaving group but also on its inherent structure,
namely, the structure of L can be tweaked to enhance binding
affinity through favorable interactions with the S′ subsites.4,5

More importantly, structure (I) constitutes a general class of
mechanism-based inhibitors, which docks to the active site in
a substrate-like fashion, with R1 occupying the primary specific-
ity subsite S1. Consequently, the nature of R1 determines which
subclass of serine proteases (neutral, basic, acidic) will be
inhibited.6 Thus, optimal selectivity can be attained by varying
the nature of R1 and exploiting differences in the S′ subsites of
the target enzymes.

Experimental evidence in support of the postulated mecha-
nism of action of I (Figure 2) rested on the isolation and
characterization of low molecular products arising from the
turnover of I by the enzyme because initial attempts to obtain
an X-ray crystal of the enzyme–inhibitor complex were unsuc-
cessful. We describe herein the results of biochemical, X-ray
crystallographic, and ESI-MS studies in support of the mech-
anism of action (Figure 2) of this class of mechanism-based
inhibitors.

Results and Discussion

Inhibitor Design Rationale. COPD involves the interplay
of a range of proteolytic enzymes, including human neutrophil
elastase (HNE) and proteinase 3 (PR 3). HNE and PR 3 have
the ability to degrade lung elastin, the major component of lung
connective tissue, and basement membrane components.7 HNE
is a basic, 218 amino acid single polypeptide glycoprotein (Mr

29500) whose primary structure shows considerable homology
(54%) with PR 3. Several X-ray crystal structures of HNE
complexed to low molecular weight or protein inhibitors are
available.8 The X-ray crystal structure of PR 3 by itself has
also been determined.9 These structures, as well as biochemical
studies aimed at mapping the active site of these enzymes using
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Figure 1. General structure of inhibitor I.

J. Med. Chem. 2008, 51, 2003–2008 2003

10.1021/jm700966p CCC: $40.75  2008 American Chemical Society
Published on Web 03/05/2008



peptidyl p-nitroanilide or peptidyl thiobenzyl substrates,10–13

have established that the two enzymes have extended binding
sites and show a strong preference for small hydrophobic P1
residues, such as isopropyl, n-propyl, and isobutyl for HNE and
ethyl or n-propyl for PR 3. Because we desired inhibitor I to
inhibit both enzymes, R1 ) n-propyl was chosen as the P1
residue. Furthermore, the selection of R2 ) methyl was based
on previous studies, which have shown that the nature of R2

has a profound effect on the stability of the resulting en-
zyme–inhibitor acyl complex(es), and that optimal stability is
attained when R2 ) methyl.3 Lastly, the selection of a
carboxylate leaving group was based on the superior inhibitory
prowess bestowed upon this class of inhibitors by this particular
moiety and their demonstrated effectiveness in blocking the
degradative action of HNE on elastin in vitro.3d

Synthesis. Inhibitor I (R1 ) n-propyl, R2 ) methyl, L )
2,6-dichlorobenzoate) was readily synthesized starting with
L-norvaline methyl ester using previously described metho-
dology.3d

Biochemical Studies. Incubation of inhibitor I with HNE
led to rapid, time-dependent, irreversible loss of enzymatic
activity (Figure 3). The bimolecular rate constant kinact/KI, an
index of inhibitor potency, was determined using the progress
curve method14 and found to be 8.9 × 106 M-1 s-1 (Figure 4).
The kon and koff values were 24290 M-1 s-1 and 1.33 × 10-4

s-1, respectively, yielding an apparent inhibition constant (KI)
of 5.47 nM.14c These values compare very favorably with “gold
standard” inhibitors of HNE reported in the literature.15

Compound I was also found to inhibit human leukocyte
proteinase 3 (kobs/[I] 3020 M-1 s-1), however, it was devoid
of any inhibitory activity toward human leukocyte cathepsin G
and human thrombin at an [I]/[E] ratio of 250 and a 30 min
incubation time. Interestingly, incubation of I with bovine
trypsin led to time-dependent inactivation of the enzyme despite
the absence of a basic P1 residue in the inhibitor.

X-ray Crystallographic Studies/Mechanism of Action of
I. The precise mechanism of action of this class of mechanism-
based serine protease inhibitors has been in question due to a
lack of relevant structural information. Although earlier studies3a

using a 13C-labeled derivative of I (R1 ) benzyl, R2 ) methyl,

L ) SO2Ph) led to the isolation and characterization of two
low molecular weight products 1 and 2 (R1 ) isobutyl, R2 )
methyl), which suggested that path b (Figure 2) was operative,
definitive evidence in support of the mechanism shown in Figure
2 was lacking. Thus, a crystal structure of a derivative of I with
human neutrophil elastase was obtained to determine its mode
of binding and to establish unequivocally the mechanism of
action of I. It was initially envisioned that the structure of the
enzyme–inhibitor complex would reveal whether formation of
intermediate X would subsequently lead to enzyme–inhibitor
complex Z via Michael addition of the imidazole of His57 to
the sulfonyl imine conjugated system in X (“double hit”
mechanism) or whether X would undergo Michael addition with
water to yield species Y that then collapses to form acyl en-
zyme W.

Figure 2. Postulated mechanism of action of inhibitor I.

Figure 3. Time-dependent loss of enzymatic activity. Percent remain-
ing activity versus time plot obtained by incubating inhibitor I (700
nM) with human neutrophil elastase (700 nM) in 0.1 M HEPES buffer
containing 0.5 M NaCl, pH 7.25, and 1% DMSO. Aliquots were
withdrawn at different time intervals and assayed for enzymatic activity
using MeOSuc-AAPV p-NA by monitoring the absorbance at 410 nm.
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Quite unexpectedly the X-ray crystal structure obtained by
soaking crystals of HNE with inhibitor I (R1 ) n-propyl, R2 )
methyl, L ) 2,6-dichlorobenzoate) was determined to be that
of intermediate X (Figure 5). The enzyme–inhibitor complex
shows the oxygen of the active site serine (Ser195) to be
covalently bound to the carbonyl carbon of the inhibitor. The
distance of the sp2-hybridized carbon to the nearest imidazole
nitrogen of His57 is 3.577 Å, which is too far to be covalently
bonded to the carbon, ruling out species Z. Figure 5 also shows
that the 2,6-dichlorobenzoate group is absent in the enzyme–in-
hibitor complex in accordance with the proposed mechanism
of action (Figure 2). The hydrophobic n-propyl group occupies
a pocket (S1) formed by the main chains of Phe192 and Phe215,
and the side chains of Val190, Val216, and Phe192, with which
it engages in multiple hydrophobic interactions. The SO2NHd
CH2 is located between the side chains of His57 and Phe192
with one of the oxygen atoms forming a hydrogen bond with
His57. A surface representation of the HNE active site cleft
with the docked inhibitor is shown in Figure 6. Interestingly,
when crystals of complex X were re-examined after a significant
time lapse, the modified inhibitor was found to be no longer
bound to the enzyme. Specifically, the inhibitor had been
completely “processed” by the enzyme. This indicates that the

interaction of I with HNE proceeds through multiple states of
inactivated enzyme complexes that have variable stability. This
is consistent with previous observations,3a where the addition
of excess hydroxylamine to the totally inactivated HNE-inhibitor
I (R1 ) isobutyl, R2 ) methyl, L ) SO2Ph) adducts lead to
incomplete regain in enzymatic activity.

The nature of species X was further probed using ESI-MS.
The mass spectra of a sample of unreacted HNE and the
HNE-inhibitor I (R1 ) n-propyl, R2 ) methyl, L ) 2,6-
dichlorobenzoate) derived complex are shown in Figure 7. The
mass spectrum of unreacted HNE shows two major peaks at
24522.2 and 25195.7,16 while the HNE-I complex shows an
increase in mass of the two major components of 204 amu. The
ESI-MS data support the conclusion, based on the X-ray
structure, that the inhibited form of the enzyme is structure X
and not structure Y, which would require a mass shift of 222.

Taken together, the available data indicate that inhibitor I
inactivates HNE via a mechanism that involves the initial
formation of a relatively stable acyl enzyme that incorporates
in its structure a conjugated sulfonyl imine functionality.
Subsequent slow reaction with water leads to the formation of
one or more acyl enzymes of variable stability (i.e., structures
Y and W) that eventually hydrolyze to regenerate active enzyme,
as well as some low molecular weight products.

Experimental Section

X-ray Crystallographic Studies. Preparation of the Protein
and Inhibitor. Human neutrophil elastase was purchased from
Elastin Products Company, Inc., Owensville, MO. The protein
powder was dissolved in 20 mM TRIS buffer, pH ) 8.0 to a
concentration of 15 mg/mL containing 10 mM of inhibitor.

Crystallization Conditions. The protein solution was centrifuged
at 14000 g for minutes before being used for crystallization
experiments. The hanging drop vapor diffusion method was
employed, mixing 2 µL of the protein solution with 2 µL of the
reservoir solution and incubated at 20 °C. Commercial kits Wizard
I and Wizard II from Emerald Biosystems (www.emeraldsystems.
com) were used for screening crystallization conditions. Diffraction
quality crystals were found in 0.1 M HEPES, pH ) 7.5, and 20%
PEG8000. These crystals have a maximum size of 0.5 × 0.1 × 0.1
mm.

Data Collection and Structural Refinement. One crystal was
soaked in 0.1 M HEPES, pH ) 7.5, and 35% PEG8000 containing
10 mM inhibitor for two days before data collection was carried
out. Crystals were analyzed with an R-AXIS IV++ imaging-plate
detector mounted on a Rigaku RUH3R rotating-anode generator
operated at 50 kV and 100 mA. Images were collected over 180
degrees in 0.5 increments at 100 K. The data was processed with
HKL2000.17 The space group of the crystal belongs to P63, and

Figure 4. Progress curves for the inhibition of human neutrophil
elastase (HNE) by inhibitor I. Absorance was monitored at 410 nm
for reaction solutions containing 10 nM HNE, 105 µM MeOSuc-AAPV
p-nitroanilide, and the inhibitor at the indicated inhibitor to enzyme
ratios in 0.1 M HEPES buffer containing 0.5 M NaCl, pH 7.25, and
2.5% DMSO. The temperature was maintained at 25 °C, and reactions
were initiated by the addition of enzyme.

Figure 5. Stereoview of the active site region in an omit Fo - Fc map of the refined protein-inhibitor complex, where the inhibitor and Ser 195
have been excluded from the structure factor calculation. The map was contoured at 3.0 times the standard deviation. Parts of the refined structure
are included. The carbonyl carbon of modified inhibitor I is shown to be covalently bound to the Oγ of Ser195.
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the cell dimensions were a ) b ) 73.2 Å, c ) 70.1 Å, R ) � )
90°, and γ ) 120°. A data set to 1.8 Å resolution and 95.6%
completeness was collected (Table 1).

Molecular replacement was carried out with Phaser18 using the
human neutrophil elastase in complex with MeO-Suc-Ala-Ala-Pro-
Val chloromethyl ketone inhibitor (1PPG) as search model. A
solution with reasonable three-dimensional packing was found.
Model building was carried out using O19 and crystallographic
refinement was performed using CNS.20 The refinement was

monitored with the free R factor throughout the whole refinement
process, with 3% of the total number of reflections set aside. The
initial crystallographic R factors were around 0.34, and the
refinement process included simulated annealing to a starting
temperature of 4000 K, positional refinement, individual B-factor
refinement, and addition of water molecules. The inhibitor was
modeled using O according to the electron densities shown in 2Fobs

- Fcalc and Fobs - Fcalc maps. These electron-density maps were
examined with different contour levels. The 2Fobs - Fcalc map was

Figure 6. Three-dimensional surface of the active site of HNE with modified inhibitor I bound to the active site cleft and the n-propyl group
nestled into the S1 subsite.

Figure 7. (a) Derived mass spectrum of HNE (top). (b) Derived mass spectrum of the HNE-inhibitor complex (bottom).
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contoured around 1.0, while the Fobs - Fcalc map was contoured at
around 3.0 and around –3.0. The inhibitors were modeled consider-
ing the expected stereochemistry deduced from small-molecule
structures. The models were found to fit the electron-density maps
superbly. A refinement library has been constructed for this
stereochemistry to restrain the refinement with CNS. Model building
and crystallographic refinement was performed iteratively. When
the inhibitor model was complete, it was included in the refinement
with the restraint of the above-mentioned stereochemical library.
The free R factor continued to fall through several further
rounds of refinements. Final coordinates were analyzed using
PROCHECK.21 The resulting electron density maps showed clear
densities for most of the atoms including the bound inhibitor (Figure
5) except for a few side chains on the molecular surface. The final
crystallographic and free R factors are 0.200 and 0.233, with
reasonable stereochemistry (Table 1). All drawings for protein
structure in the figures were generated using PyMOL.21 The
coordinates have been deposited in the Protein Data Bank (access
code 2RG3).

Mass Spectrometry. ESI spectra were acquired on a Q-TOF-2
(Micromass Ltd., Manchester, U.K.) hybrid mass spectrometer
operated in MS mode and acquiring data with the time-of-flight
analyzer. The instrument was operated for maximum sensitivity
with all lenses optimized, while infusing a sample of lysozyme.
The cone voltage was 35 eV and Ar was admitted to the collision
cell and set to 20 V. Spectra were acquired at 11364 Hz pusher
frequency covering the mass range 800 to 3000 amu and ac-
cumulating data for 6 s per cycle. Time mass calibration was made
with CsI cluster ions acquired under the same conditions. Samples
were desalted on a short column (3 mm × 1 mm ID) of reverse
phase (RP) C18 resin (Zorbax, 5 µM, 300 A). Samples were loaded
onto the RP column from a 1% acetic acid solution with protein (5
µg), washed in the same, and eluted with 90% methanol and 0.5%
formic acid directly into the ESI source. The resulting suite of
charge states in the ESI spectrum were subjected to charge state
deconvolution to present a “zero” charge mass spectrum using the
Transform or MaxEnt 1 routine in MassLynxs software.

Enzyme Assays and Inhibition Studies. Progress Curve
Method. The apparent second-order inactivation rate constants
(kinact/KI M-1 s-1) were determined in duplicate. Typical progress
curves for the hydrolysis of MeO-Suc-AAPV p-NA by HNE in
the presence of inhibitor I are shown in Figure 2. The release of
p-nitroaniline was monitored continuously at 410 nm. The pseudo
first-order rate constant (kobs) for the inhibition of HNE and PR 3
as a function of time was determined according to eq 1 below,
where A is the absorbance at 410 nm, Vo is the reaction velocity at
t ) 0, Vs is the final steady state velocity, kobs is the observed first-
order rate constant to steady state, and Ao is the absorbance at t )
0. The kobs values were obtained by fitting the A ∼ t data into eq
1 using nonlinear regression analysis (SigmaPlot, Jandel Scientific).
The second order rate constants were determined by calculating

kobs/[I] and then correcting for the substrate concentration using eq
2. Control curves in the absence of inhibitor were linear.

A =Vst + {(Vo −Vs)(1 − e−kobst)} ⁄ kobs + Ao (1)

kinact ⁄KI=(kobs/[I ]) (1 + [S ]/ Km) (2)
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