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Abstract
A series of mechanism-based inhibitors designed to interact with the S’ subsites of serine proteases
was synthesized and their inhibitory activity toward the closely-related serine proteases human
neutrophil elastase (HNE) and proteinase 3 (PR 3) was investigated. The compounds were found to
be time-dependent inhibitors of HNE and were devoid of any inhibitory activity toward PR 3. The
results suggest that highly selective inhibitors of serine proteases whose primary substrate specificity
and active sites are similar can be identified by exploiting differences in their S’ subsites. The best
inhibitor (compound 16) had a kinact/KI value of 4580 M−1 s−1.

Introduction
Chronic obstructive pulmonary disease (COPD) is a multi-factorial inflammatory disorder
characterized by alveolar wall destruction, enlargement of the air spaces, and airflow
obstruction due to chronic bronchitis and emphysema.1–3 COPD is the fourth most common
cause of death in the U.S., affecting ∼16 million people. Current treatment of COPD is
symptomatic4 and there are no drugs capable of halting the relentless progression of the
disorder, consequently, there is a pressing need for new therapeutic interventions.5–6

Many fundamental aspects of COPD pathogenesis are poorly understood, including the
molecular mechanisms which underlie the initiation and progression of the disorder. It is
generally recognized, however, that the disorder involves the interplay of multiple events and
mediators, including oxidative stress,7–8 alveolar septal cell apoptosis,9–10 a protease/
antiprotease imbalance,11–12 and chronic inflammation.13–14 The relationship between these
pathogenic mechanisms is poorly understood. Furthermore, an array of serine (neutrophil
elastase, proteinase 3), cysteine (cathepsin S) and metallo- (MMP-1, MMP-9, MMP-12)
proteases released by neutrophils, macrophages and T lymphocytes contribute to the
degradation of lung connective tissue and mediate a multitude of signaling pathways associated
with the pathophysiology of the disorder. The precise function(s) of these proteases is
unknown, consequently, there is a need for a better definition of which proteases and protease
actions, as well as which other enzymes, are of importance in COPD pathogenesis.15
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Agents that can be used to delineate the precise role(s) of proteases implicated in COPD by
modulating selectively their activity are valuable as mechanistic probes and as potential
pharmacological agents. We report herein the results of exploratory studies aimed at probing
the S’ subsites of the closely-related serine proteases human neutrophil elastase (HNE) and
proteinase 3 (PR 3) via the utilization of inhibitor (I) (Figure 1).

Chemistry
Compounds 8–16 were synthesized using the general reaction sequence shown in Scheme 1.
The synthetic routine is fairly tractable and allows facile manipulation of the primary substrate
specificity residue R1 by starting with an appropriate natural (or unnatural) amino acid.
Furthermore, the length of the ester chain and the nature of R3 can be readily varied by using
an appropriately-substituted thioether.

Biochemical studies
Progress curve method.16

The inhibitory activity of compound 16 was determined using the progress curve method. The
apparent second-order inactivation rate constant (kinact/KI M−1 s−1) was determined in
duplicate and is listed in Table 1. Typical progress curves for the hydrolysis of MeOSuc-
AAPV-pNA by HNE in the presence of inhibitor 16 are shown in Figure 2. Control curves in
the absence of inhibitor were linear. The release of p-nitroaniline was continuously monitored
at 410 nm. The pseudo first-order rate constants (kobs) for the inhibition of HNE by 16 as a
function of time were determined according to eq (1), 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, and Ao is the absorbance at t = 0. The kobs values were obtained by fitting
the A versus t data to eq 1 using nonlinear regression analysis (SigmaPlot, Jandel Scientific).
The second order rate constants (kinact/KI M−1 s−1) were then determined by calculating kobs/
[I] and then correcting for the substrate concentration using eq 2. The apparent second-order
rate constants (kinact/KI M−1 s−1) were determined in duplicate and are listed in Table 1.

(1)

(2)

Incubation method
The inhibitory activity of compounds 8–15 was determined by the incubation method and is
expressed in terms of the bimolecular rate constant kobs/[I] M−1 s−1. Briefly, HNE was
incubated with excess inhibitor and the loss of enzymatic activity was followed by withdrawing
aliquots at different time intervals and assaying for enzymatic activity. The observed rate
constant (kobs) was then calculated according eq 3 below, where [I] is the concentration of the
inhibitor in the incubation mixture and [E]t/[E]o is the amount of active enzyme remaining at
time t.

(3)

Using inhibitor 9 as a representative member of this series, saturation kinetics was
demonstrated by determining kobs over a range of inhibitor concentrations and re-plotting the
data as 1/kobs versus 1/[I] according to eq 4 below. Saturation
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(4)

is indicated by the intersection of the experimental line at the positive y-axis (Figure 3) and
under these conditions ([I] << KI), kobs/[I] ≈ kinact/KI.17

Results and Discussion
Inhibitor Design Rationale

The design of inhibitor (I) was based on the following considerations: (a) the 1, 2, 5-
thiadiazolidin-3-one 1, 1 dioxide scaffold is a powerful and versatile core structure that is well-
suited to the design of mechanism-based inhibitors of serine proteases;18 (b) the heterocyclic
scaffold makes possible the optimization of potency and selectivity by docking to the active
site of a target protease in a substrate-like fashion, exploiting multiple binding interactions with
both the S and S’ subsites; (c) inhibitors based on this scaffold can be used to probe and exploit
binding interactions with the S’ subsites. This is particularly important with respect to the
design of inhibitors of serine proteases that have a very similar primary substrate specificity
(S1),19 such as, for example, HNE and PR 3, and differ primarily in the makeup of their S’
subsites; (d) the neutrophil-derived serine proteases elastase and proteinase 3 have been
implicated in COPD.20 Indeed, administration of HNE or PR 3 produces emphysema in
animals,21 however, the precise role they play in COPD has not been clearly defined; (e) HNE
is a basic, 218 amino acid single polypeptide glycoprotein (Mr 29,500) that is highly
homologous (54%) to PR 3. The two enzymes have an extended binding site and prefer
hydrophobic substrates/inhibitors.22 The S1-S4 subsites of PR 3 and HNE are very similar,
with the S1 subsite of HNE being somewhat bigger than that of PR 3.23–24 The strong
preference of PR 3 for small aliphatic P1 residues (ethyl, n-propyl) is due to the substitution
of Val 190 and Ala 213 in HNE to Ile 190 and Asp 213 in PR 3, respectively, which reduce
the size of the S1 pocket.25 More importantly, inspection of the X-ray crystal structures of HNE
and PR 3 reveals subtle differences in their S’ subsites. For instance, Ala 213 and Leu 99 in
HNE are replaced by Asp 213 and Lys 99 respectively, in PR 3. Furthermore, the substitution
of Leu 143 in HNE to Arg 143 in PR 3, and the presence of Asp 61 make the S’ subsites of PR
3 more polar and distinctly different from the hydrophobic HNE subsites. Based on these
considerations, it was envisaged that an inhibitor capable of orienting recognition elements
toward the S’ subsites and having built-in structural flexibility for the introduction of acidic,
basic, and/or hydrophobic groups could potentially display greater selectivity toward PR 3 than
HNE (or vice versa). Thus, our overarching goal was to obtain highly selective inhibitors of
PR 3 and HNE by exploiting differences in the S’ subsites of the two enzymes.

Inhibitor (I) was anticipated to inactivate the target protease by docking to the active site and
undergoing enzyme-induced ring opening, leading to the formation of a highly reactive
sulfonyl imine which, upon further reaction with an active site nucleophilic residue (such as
His 57) would ultimately lead to irreversible inactivation of the enzyme (Figure 4).26 It should
be noted that the tetrahedral intermediate depicted in Figure 3 collapses via a 3-aza Grob
fragmentation process27 to yield species (X). Such facile heterolytic fragmentations are
common in chemical systems having a nucleophilic atom with a negative charge or unshared
electron pair and a leaving group in a 1, 4-relationship (as is the case with the aforementioned
tetrahedral intermediate). Furthermore, examples of amide bond cleavage that occurs via a 3-
aza Grob fragmentation process are well-precedented (Figure 5).28

Incubation of compound 16 with HNE led to rapid and time-dependent irreversible inactivation
of the enzyme (Figure 6). The inactivated enzyme regained its activity very slowly, indicating
the formation of a fairly stable enzyme-inhibitor adduct. The potency of the synthesized
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inhibitors was determined either by generating a series of progress curves (Figure 2) and
determining the kinact/KI values by analyzing the data (progress curve method) or by using the
incubation method, as described in the Experimental section. Our initial objective was to
identify selective inhibitors of PR 3 using derivatives of (I). Thus, based on the known
preference of PR 3 for a P1 residue consisting of a 2–3 carbon chain, most inhibitors synthesized
have an n-propyl chain. The selection of an N-methyl group as the P2 residue was primarily
dictated by the results of previous studies which have shown that a methyl group leads to the
formation of highly stable enzyme-inhibitor complexes.18 Activity was optimal when n = 2,
consequently all derivatives made had an ester chain of fixed length (unpublished results). The
nature of the R3 group was then varied and the resulting compounds were screened against PR
3 and HNE. Surprisingly, all compounds were devoid of any inhibitory activity toward PR 3
following a 30-minute incubation of inhibitor and enzyme at an [I]/[E] ratio = 500, however,
they all showed modest inhibitory activity toward HNE. The lack of inhibitory activity toward
PR 3 is not intuitively obvious and may be due to unproductive binding arising from the way
the substituted thioether and ester moieties are projecting into the S’ subsites. We have
previously observed that inhibitory potency is dependent on the pKa of the conjugate acid of
the leaving group (ArS−), as well as its inherent structure, and that the latter can be modulated
to enhance binding affinity through favorable interactions with the S’ subsites.29 With the
exception of compound 16, the rest of the compounds showed little variation in their inhibitory
prowess toward the enzyme. This is probably due to the pKa of the leaving group since previous
studies have shown that leaving groups derived from strong acids (ArCOO−, ArSO2

−) enhance
inhibitory activity by several orders of magnitude (18d).

In order to gain further insight and understanding into the observed selectivity shown by this
series of inhibitors, molecular docking simulations were performed using inhibitor 8. Despite
the fact that the active sites of HNE and PR3 are similar, subtle differences in the makeup of
the active sites of the two enzymes (vide supra) may result in significantly different binding
modes (Figure 7). For binding to HNE, for example, the top-scoring docked conformers of
each of the RR, SR and SS stereoisomers were found to orient themselves in a very similar
manner (see Figure 8a for comparison of RR and SS stereoisomers) and engaged in multiple
attractive interactions, including H-bonding of the ester carbonyl to backbone amide protons
from Gly218 and Gly219, and hydrogen bonding of heterocyclic carbonyl (RR) or sulfonyl
(SR, SS) to V216 backbone. Of the three stereoisomers examined, the SS enantiomer is
predicted to have the greatest affinity for the HNE receptor by a small margin relative to the
approximately equivalent RR and SR structures.

For compound 8 binding to PR3, stereochemistry may be substantially more important.
Docking studies predict that the RR stereoisomer should orient the p-chlorophenyl group into
a catalytic site hydrophobic pocket in a manner analogous to the conformation for compound
8 bound to HNE, although this leaves a poorer interaction profile with the rest of the active
site. However, the SR and SS stereoisomers were not predicted to bind to the PR3 active site
in this manner at all. The SS structure, for example, (see Figure 8b) has no group occupying
either of the two hydrophobic pockets. Rather, the p-chlorophenyl ring pi-stacks with F192,
and the spatial positions of the ester and n-propyl chains are exchanged relative to the analogous
RR bound stereoisomer. The SS steroisomer is predicted to yield less favorable affinity with
the enzyme than that computed for the RR stereoisomer. Thus, the docking studies are
consistent with the observed inhibition profile of this series of compounds.

In conclusion, a series of mechanism-based inhibitors was used to probe the S’ subsites of PR
3 and HNE. The inhibitors were found to be highly selective inhibitors of HNE and were devoid
of any inhibitory activity toward PR 3. Docking studies suggest that this series of compounds
binds productively to HNE but not PR 3.
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Experimental
General

The 1H spectra were recorded on a Varian XL-300 or XL-400 NMR spectrometer. A Hewlett-
Packard diode array UV/VIS spectrophotometer was used in the in vitro evaluation of the
inhibitors. Human neutrophil elastase, proteinase 3 and Boc-Ala-Ala-Nva thiobenzyl ester
were purchased from Elastin Products Company, Owensville, MO. Methoxysuccinyl Ala-Ala-
Pro-Val p-nitroanilide and 5, 5’-dithio-bis (2-nitrobenzoic acid) were purchased from Sigma
Chemicals, St. Louis, MO. Melting points were determined on a Mel-Temp apparatus and are
uncorrected. Reagents and solvents were purchased from various chemical suppliers (Aldrich,
Acros Organics, TCI America, and Bachem). Silica gel (230–450 mesh) used for flash
chromatography was purchased from Sorbent Technologies (Atlanta, GA). Thin layer
chromatography was performed using Analtech silica gel plates. The TLC plates were
visualized using iodine and/or UV light. Compounds 8–16 were generated as diastereomeric
mixtures and were used as such in conducting the biochemical studies. 1H NMR analysis of
compound 9 showed the presence of two diastereomers (56.3% and 43.7%).

Representative Syntheses
Compound 1—Thionyl chloride (27.87 g; 234 mmol) was added dropwise to dry methanol
(85 mL) cooled in an ice-salt bath. (L) Norvaline hydrochloride (25.00g; 213 mmol) was added
in small portions. The ice-salt bath was then removed and the reaction mixture was heated to
40 °C for 2 h using a water bath. The reaction mixture was stirred for 2 h and the solvent was
removed on the rotary evaporator, leaving a solid residue which was treated with ethyl ether
(100 mL) and collected by suction filtration. The white solid (34.17 g; 96% yield) was dried
in a dessiccator and used in the next step without further purification. 1H NMR (CDCI3): δ
0.98 (t, 3H), 1.55 (m, 2H), 2.10 (m, 2H), 3.80 (s, 3H), 4.20 (t, 1H), 8.68 (d, 3H).

Compound 2—A solution of N-chlorosulfonyl isocyanate (28.73 g; 203 mmol) in dry
methylene chloride (140 mL) was cooled in an ice-water bath and a solution of t-butyl alcohol
(15.05 g; 203 mmol) in dry methylene chloride (60 mL) was added dropwise with stirring. The
mixture was stirred for another 15 minutes at 0 °C and the resulting mixture was added dropwise
to a solution of 1 (34.17 g; 203 mmol) and triethylamine (1.08 g; 406 mmol) ) in dry methylene
chloride (200 mL) kept in an ice-water bath. The ice-water bath was removed and the mixture
was stirred at room temperature overnight. The reaction mixture was then washed with 5%
aqueous HCl (2 × 100 mL) and brine (100 mL). The organic layer was dried over anhydrous
sodium sulfate, the drying agent was filtered off, and the solvent was removed in vacuo to give
2 (82.23 g; 100% yield) as a white solid. 1H NMR (CDCI3): δ 0.95 (t, 3H), 1.40 (m, 2H), 1.50
(s, 9H), 1.74 (m, 2H), 3.77 (s, 3H), 4.10 (m, 1H), 6.10 (d, 1H), 8.09 (s, 1H).

Compound 3—Compound 2 (62.99 g; 203 mmol) was dissolved in trifluoroacetic acid (200
mL) and the reaction mixture was stirred at room temperature overnight. Excess trifluoroacetic
acid was removed using a rotary evaporator and the residue was taken up in ethyl acetate (500
mL) and washed with saturated sodium bicarbonate (5 × 150 mL) and brine (150 mL). The
organic layer was dried over anhydrous sodium sulfate, the drying agent was filtered off, and
the solvent was removed in vacuo, leaving 3 (33.28 g; 78% yield), as a white solid. 1H NMR
(CDCI3): δ 0.95 (t, 3H), 1.42 (m, 2H), 1.70 (m, 2H), 3.79 (s, 3H), 4.10 (m, 1H), 5.10 (s,2H),
5.78 (d, 1H).

Compound 4—A solution of compound 3 (33.28 g; 158 mmol) in dry THF (300 mL) was
kept in an ice-water bath and treated portion-wise with 60% w/w sodium hydride (9.48 g; 237
mmol) under nitrogen. The reaction mixture was stirred at room temperature overnight. The
solvent was removed and the residue was dissolved in cold water (150 mL). The pH was
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adjusted to 7 with 6 M HCl, the starting material was extracted once with ethyl acetate (150
mL), and the aqueous layer was acidified with 6 M HCl to pH 1. The product was extracted
with ethyl acetate (3 × 150 mL) and the combined organic extracts were dried over anhydrous
sodium sulfate. The drying agent was filtered off and the solvent was removed on a rotary
evaporator, leaving product 4 (28.36 g; 100%), as a yellow oil. 1H NMR (DMSO-d6): δ 0.95
(t, 3H), 1.38 (m, 2H), 1.82 (m, 2H), 4.18 (q, 1H), 8.23 (m, 1H).

Compound 5—A solution of 4-chlorobenzenethiol (8.7 g; 60 mmol) in anhydrous DMF (20
mL) was treated with triethylamine (13.7g; 135 mmol) and then stirred for 15 minutes. The
reaction mixture was cooled in an ice bath and ethyl 5-bromovalerate (12.55 g; 60 mmol) was
added. The reaction mixture was stirred overnight and allowed to warm to room temperature.
Ethyl acetate (200 mL) was added and the resulting solution was washed with 5% aqueous
HCl (50 mL), 5% aqueous sodium bicarbonate (50 mL) and brine (50 mL). The organic layer
was dried over anhydrous sodium sulfate, filtered, and the solvent was removed on a rotary
evaporator, leaving a crude product which was purified by flash chromatography (silica gel/
ethyl acetate/hexane) to give compound 5 (11.57 g; 71% yield) as a white solid. 1H NMR
(CDCI3): δ 1.95 (t, 2H), 2.45 (t, 2H), 2.95 (t, 2H), 3.65 (s, 3H), 7.25 (s, 4H).

Compound 6—N-chlorosuccinimide (1.05 g; 7.85 mmol) was added in small portions over
15 minutes to a solution of compound 5 (2.14 g; 7.85 mmol) in benzene (10 mL) and carbon
tetrachloride (10 mL) and the reaction mixture was stirred at room temperature overnight. The
mixture was filtered and the filtrate was concentrated using a rotary evaporator to give
compound 6 (1.93 g; 80% yield) as a yellow oil. The product was used in the next reaction
without further purification. 1H NMR (CDCI3): δ 2.28 (m, 1H), 2.40 (m, 1H), 2.60 (t, 2H),
3.64 (s, 3H), 5.25 (t, 1H),7.20 (m,4H).

Compound 7—To a solution of compound 4 (19.6 g; 110 mmol) and triethylamine (11.13
g; 110 mmol) in anhydrous DMF (150 mL) was added compound 6 (30.60 g; 110 mmol) and
the reaction mixture was stirred at room temperature overnight. The solvent was removed using
a vacuum pump at 50 ° C. The residue was dissolved in ethyl acetate (800 mL) and washed
with brine (100 mL). The organic layer was dried over anhydrous sodium sulfate, filtered, and
the solvent was removed on a rotary evaporator, leaving a crude product which was purified
by flash chromatography (silica gel/ethyl acetate/hexane) to give compound 7 (1.35 g; 47%)
as a yellow oil. 1H NMR (CDCI3): δ 0.95 (m, 3H), 1.40–1.90 (m, 4H), 2.58 (m, 4H), 3.83 (m,
5H), 4.05 (m, 1H), 5.50 (m, 1H), 5.75 (s, 1H), 6.98–7.11 (m,4H).

Compound 8—A solution of compound 7 (22.98 g; 52.83 mmol) in dry acetonitrile (100
mL) was treated with 60% w/w sodium hydride (2.11 g; 52.83 mmol) at 0 ° C with stirring.
After the solution was stirred for 15 minutes, methyl iodide (18.29 g; 128.85 mmol) was added
and the reaction mixture was stirred for 4 h at room temperature. The solvent was removed
and the residue was taken up in methylene chloride (500 mL). The organic layer was washed
with water (100 mL) and then dried over anhydrous sodium sulfate. Removal of the solvent
left a crude product which was purified by flash chromatography (silica gel/ethyl acetate/
hexane) to give compound 8 (7.87 g; 33%) as a yellow oil. 1H NMR (CDCI3): δ 0.95 (m, 3H),
1.20–2.00 (m, 4H), 2.55 (m, 4H), 2.80 s, 3H), 3.62 (s, 3H), 3.65 (s, 3H), 5.57 (m, 1H), 7.20
(m, 4H).

Compound 9—(oil, 38%) (CDCI3): δ 0.88–0.96 (m, 3H), 1.30–1.80 (m, 4H), 2.40–2.60 (m,
4H), 2.80 (s, 3H), 3.62–3.72 (m, 1H), 3.65 (s, 3H), 5.38–5.53 (m, 1H), 7.00 (t, 2H), 7.52–7.62
(m, 2H).
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Compound 10—(oil, 71%) (CDCI3): δ 0.88–0.96 (m, 3H), 1.30–1.99 (m, 4H), 2.41–2.58
(m, 4H), 2.80 (s, 3H), 3.62–3.72 (m, 1H), 3.66 (s, 3H), 3.78 (s, 3H), 5.28–5.42 (m, 1H), 6.85
(d, 2H), 7.45–7.52 (m, 2H).

Compound 11—(oil, 59%) (CDCI3): δ 0.88–0.96 (m, 3H), 1.20–1.98 (m, 4H), 2.42–2.55
(m, 4H), 2.80 (s, 3H), 3.62–3.70 (m, 1H), 3.64 (s, 3H), 5.22–5.35 (m, 1H), 6.60 (d, 2H), 7.38
(d, 2H).

Compound 12—(oil, 97%) (CDCI3): δ 0.88–0.96 (m, 3H), 1.30–1.99 (m, 4H), 1.51 (s, 9H),
2.38–2.54 (m, 4H), 2.80 (s, 3H), 3.60–3.70 (m, 1H), 3.64 (s, 3H), 5.31–5.41 (m, 1H), 6.62 (s,
1H), 7.40 (m, 4H).

Compound 13—(oil, 74%) (CDCI3): δ 0.88–0.96 (m, 3H), 1.00–2.00 (m, 4H), 2.40–2.55
(m, 4H), 2.60–2.68 (t, 2H), 2.69–2.78 (t, 2H), 2.80 (s, 3H), 3.58–3.65 (m, 1H), 3.64 (s, 3H),
5.40 (t, 1H), 7.40–7.50 (m, 4H), 8.05 (s, 1H).

Compound 14—(oil, 42%) (CDCI3): δ 0.88–0.96 (m, 3H), 1.00–2.00 (m, 4H), 2.43–2.52
(m, 4H), 2.79 (s, 3H), 3.58–3.65 (m, 1H), 3.63 (s, 3H), 5.39 (t, 1H), 7.18–7.50 (m, 8H).

Compound 15—(oil, 69%) (CDCI3): δ 0.88–0.96 (m, 3H), 1.00–2.00 (m, 4H), 2.43–2.56
(m, 4H), 2.79 (s, 3H), 2.81 (t, 2H), 3.48 (t, 2H), 3.60–3.70 (m, 1H), 3.63 (s, 3H), 4.80 (s, 1H),
5.36–5.40 (m, 1H), 6.40–6.44 (d, 1H), 7.18–7.45 (m, 9H).

Compound 16—(oil, 78%) (CDCI3): δ 0.88–0.98 (m, 6H), 1.32–1.85 (m, 3H), 2.45–2.58
(m, 4H), 2.80 (d, 3H), 3.59–3.68 (m, 1H), 3.67 (s, 3H), 5.42–5.58 (m, 1H), 7.25 (dd, 2H), 7.45
(dd, 2H).

Enzyme assays and inhibition studies
Human neutrophil elastase—HNE was assayed by mixing 10 µL of a 70 µM enzyme
solution in 0.05 M sodium acetate/0.5 M NaCl buffer, pH 5.5, 10 µL dimethyl sulfoxide and
980 µL of 0.1 M HEPES buffer containing 0.5 M NaCl, pH 7.25, in a thermostated cuvette. A
100 µL aliquot was transferred to a thermostated cuvette containing 880 µL 0.1 M HEPES/0.5
M NaCl buffer, pH 7.25, and 20 µL of a 70 µM solution of MeOSuc-Ala-Ala-Pro-Val p-
nitroanilide, and the change in absorbance was monitored at 410 nm for 60 seconds. In a typical
inhibition run, 10 µL of inhibitor (3.5 mM) in dimethyl sulfoxide was mixed with 10 µL of 70
µM enzyme solution and 980 µL 0.1 M HEPES/0.5 M NaCl buffer, pH 7.25, and placed in a
constant temperature bath. Aliquots (100 µL) were withdrawn at different time intervals and
transferred to a cuvette containing 20 µL of MeOSuc-Ala-Ala-Pro-Val p-nitroanilide (7 mM)
and 880 µL 0.1 M HEPES/0.5 M NaCl buffer. The absorbance was monitored at 410 nm for
60 seconds.

Human neutrophil proteinase 3—Twenty microliters of 32.0 mM 5, 5’-dithio-bis( 2-
nitrobenzoic acid) in dimethyl sulfoxide and 10 µL of a 3.45 µM solution of human proteinase
3 in 0.1 M phosphate buffer, pH 6.50 (final enzyme concentration: 34.5 nM) were added to a
cuvette containing a solution of 940 µL 0.1 M HEPES buffer, pH 7.25, containing 0.5 M NaCl,
10 µL 862.5 µM inhibitor in dimethyl sulfoxide (final inhibitor concentration: 8.62 µM) and
20 µL 12.98 mM Boc-Ala-Ala-NVa-SBzl and the change in absorbance was monitored at 410
nM for 2 minutes. A control (hydrolysis run) was also run under the same conditions by adding
5, 5’-dithio-bis( 2-nitrobenzoic acid) in dimethyl sulfoxide and 10 µL of a 3.45 µM solution
of human proteinase 3 in 0.1 M phosphate buffer, pH 6.50 (final enzyme concentration: 34.5
nM) to a cuvette containing a solution of 940 µL 0.1 M HEPES buffer, pH 7.25, containing
0.5 M NaCl, 10 µL dimethyl sulfoxide and 20 µL 12.98 mM Boc-Ala-Ala-NVa-SBzl and the

Li et al. Page 7

Bioorg Med Chem. Author manuscript; available in PMC 2010 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



change in absorbance was monitored at 410 nM for 2 minutes. PR 3 activity remaining was
determined using % remaining activity = (v/vo) × 100 and is the average of duplicate or
triplicate determinations.

Computational method—Molecular docking simulations were performed via the Surflex
program (30). The structure of compound 8 was constructed in SYBYL (31) and was
structurally optimized to default convergence thresholds using the Tripos Force Field (32) and
Gasteiger-Marsili partial atomic charges (33). Receptor models were prepared for HNE and
PR3 using the 1HNE (34) and 1FUJ (25) crystal structures, respectively. These structures were
protonated in SYBYL, stripped of all water molecules and bound ligands, and electrostatically
represented with Gasteiger-Marsili charges.
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Figure 1.
General structure of inhibitor (I).
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Figure 2.
Progress curves for the inhibition of human neutrophil elastase (HNE) by inhibitor 16.
Absorbance 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.
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Figure 3.
Time-dependent inactivation of human neutrophil elastase (HNE) by inhibitor 9. HNE was
incubated with inhibitor 9 and aliquots were withdrawn at different time intervals and assayed
for enzymatic activity using MeOSuc-AAPV p-nitroanilide and monitoring the absorbance at
410 nm. Inset: Re-plot of data demonstrating saturation kinetics.
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Figure 4.
Postulated mechanism of action of (I).
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Figure 5.
(a) 3-Aza Grob fragmentation; (b) Amide bond cleavage via a 3-aza Grob fragmentaion
process.
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Figure 6.
Time dependent loss of enzymatic activity. Percent remaining activity versus time plot obtained
by incubating inhibitor 16 (37 µM) with human neutrophil elastase (700 nM) in 0.1 M HEPES
buffer containing 0.5 M NaCI, 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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Figure 7.
Inhibitor 8 bound to a) HNE and b) PR3. Ligand rendered as CPK-colored sticks. Receptor
surface colors correspond to: yellow = non-polar, white = polar alkyl, blue = polar N, cyan =
polar H, red = O.
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Figure 8.
RR and SS isomers of inhibitor 8 bound to a) HNE and b) PR 3. Ligand rendered as CPK-
colored sticks (RR has grey C’s; SS has green). Receptor surface: yellow = non-polar, white
= polar alkyl, blue = polar N, cyan = polar H, red = O.
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Scheme 1.
Synthesis of Inhibitors 8–16
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Table 1

Inhibition of human neutrophil elastase by derivatives of compound (I)ab

Compound R3 kobs/[I] M−1 s−1

8 p-Cl 20

9 p-F 320

10 p-OCH3 70

11 p-NH2 110

12 p-NHBoc 170

13 p-NHCO(CH2)2COOH 300

14 p-NHCO(o-COOH)C6H4 260

15 p-NHCONH(CH2)2Ph 150

16c p-Cl 4580d

a
R1=n-propyl, R2=methyl for all, unless indicated otherwise;

b
used as diastereomeric mixtures;

c
R1=isobutyl, R2=methyl;

d
determined using the progress curve method and expressed as kinact/KI M−1 s−1 (see Experimental section).
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