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AbstractÐDescribed are the acylation binding of trans-lactam 1 to porcine pancreatic elastase, the selection of the SO2Me acti-
vating group for the lactam N which also confers metabolic stability in hamster liver microsomes, the introduction of aqueous
solubility through the piperidine salt 9, the in vivo oral activity of 9 and its bioavailability, and the introduction of 9 as an intra-
cellular neutrophil elastase inhibitor. # 2001 Elsevier Science Ltd. All rights reserved.

Introduction

There is now a considerable body of work describing
inhibitors of human neutrophil elastase (HNE),1 a serine
protease belonging to the trypsin class, for the treatment
of respiratory diseases such as chronic bronchitis, cystic
®brosis and emphysema. In a previous paper2 we intro-
duced pyrrolidine trans-lactones and lactams as new
pharmacophores for elastase inhibition. Despite the
plethora of published HNE inhibitors,1 there is very lit-
tle work3 describing intracellular inhibitors, where the
elastase is inhibited whilst still packaged within the
unactivated neutrophil. Further, only a limited number of
published elastase inhibitors have oral activity.1 We
describe in this paper the medicinal chemistry process fol-
lowed in discovering trans-lactams which are both intra-
cellular and orally active neutrophil elastase inhibitors.
The intracellular mechanism has far-reaching pharma-
cokinetic and pharmacodynamic implications that we
have exploited as described in this paper. The starting
compound was the previously described lactam 1.2

We outline here the crystal structure of 1 with porcine
pancreatic elastase (PPE), optimisation of the lactam N
activating group, introduction of water solubility,
improvement to the metabolic stability and details of
intracellular inhibition.

Crystal Structure of 1 with PPE

Figure 1 shows a detail of the crystal structure of PPE
complexed with 1 at pH 7.64 that provided valuable
structural information. Observed binding features of 1
include: (a) a covalent bond between Ser195 and the
carbonyl of the ring opened trans-lactam; (b) the allyl
group in the S1 pocket; (c) hydrogen bonds between the
ester carbonyl of the inhibitor and the main chain nitro-
gen atoms of Gly193 and Ser195 (the oxyanion hole); (d)
the rotation of His57 out of its catalytic position and its
replacement by a water molecule; (e) an absence of
electron density for the benzyloxycarbonyl group; and
(f) poor electron density for the methylsulphonamide
group. Mass spectra analyses of the complex con®rmed
Ser195 acylation. The His57 displacement contributes to
the complex stability. This information was invaluable in
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determining a medicinal chemistry strategy for drug dis-
covery where each substituent of the trans-lactam template
could be optimised iteratively. In particular, variation
of the pyrrolidine substituent could be used to improve
speci®c pharmacokinetic and dynamic properties due to
its apparent lack of participation in enzyme binding.

Optimisation of the Activating Group

We ®rst explored the lactam N substituent (the activating
group), which was introduced typically by deprotonation
of 2 followed by addition of an electrophile (Scheme 1).
The SAR (Table 1) from these compounds revealed two
requirements. Firstly an activating electron withdrawing
group is essential for activity and secondly the sub-
stituent atom proximal to the lactam N should have
tetrahedral geometry.5 In general, as a class, these com-
pounds are selective HNE inhibitors over other serine
proteases (data not shown).

Introducing Water Solubility and Oral Activity

On potency grounds, 1 and 7 were selected as leads
reasoning that modi®cation of the naphthalene ring of 7
o�ered ¯exibility for adjusting molecular properties that
might later be required. Conscious that aqueous solubi-
lity of a compound greatly facilitates its biological test-
ing and development, we decided to introduce a tertiary
amine into the molecule as its salt to enhance solubility.
Deprotection of the benzyl carbamates 1 and 7 (with
concomitant reduction of the allyl group), coupling 3-
piperidinopropionic acid using EDC and treatment of
dichloromethane solutions of the free bases with ethe-
real hydrogen chloride gave the hydrochlorides 8 and 9
(HNE IC50 137 nM and 140 nM, respectively) (Scheme
2). Both compounds have >1mg/mL solubility in
water. Compound 8, when tested in vivo,6 is orally
active as determined by inhibition of elastase in hamster
bronchoalveolar lavage (BAL) 6 h after an intratracheal
dose of IL-8 (60% inhibition at 40mg/kg, 30% at
20mg/kg and 17% at 10mg/kg).

Improving Metabolic Stability

In seeking to understand the weak oral activity of the
piperidine derivative 8, it was found that it is metaboli-
cally unstable in hamster liver microsomes (78% turn-
over at 50 mM, 20min).7 In contrast, the methyl
sulphonamide analogue 9 proves to be stable in hamster
liver microsomes (0% turnover) and more potent orally
(76% and 41% elastase inhibition at 20 and 10mg/kg,
respectively). The methanesulphonyl group thus became
the preferred lactam activating group for the rest of the
medicinal chemistry programme.

Figure 1. Details of the crystal structure of 1 with PPE. The bold
structure is the ring opened analogue of 1 covalently bound to Ser195.
Key residues of PPE are drawn with thin bonds and the hatch shading
represents areas of electron density. S1 is the primary enzyme speci®city
pocket. The distances between the lactam carbonyl oxygen and the NHs
of Gly193 and Ser195 are measured in angstroms. The electron density
near one of the sulphonyl oxygens is the water molecule displacingHis57.

Scheme 1. (Compounds racemic). Reagents: a LHMDS, THF, ÿ78 to
0 �C then recool to ÿ78 �C, add electrophile, warm to rt; or NaH,
THF or DMF, 5 �C, add electrophile, warm to rt.

Table 1. In vitro HNE activities

R HNE IC50 (mM)a

1 SO2Me 0.047
2 H >500
3 nC6H13 29
4 CO2Et 2
5 CONHEt 31
6 COMe 0.69
7 SO2-2-Naphthyl 0.036

aIC50 values were used for ranking purposes only. Values are a mean of
three experiments. 50mM Tris/HCl (pH 8.6), 150mM NaCl, 11.8 nM
puri®ed HNE and water dilutions of inhibitor from a 10mM stock
solution in DMSO are incubated for 15min at 30 �C. After the addition
of 0.6 mM MeO-Succ-Ala-Ala-Pro-Val-p-nitroanilide the residual
elastase activity is measured. See ref 2 for experimental details.

Scheme 2. (Compounds racemic). a Pd(OH)2, H2, THF; b 3-piper-
idinopropionic acid, Me2N(CH2)3NCNEt.HCl (EDC), CH2Cl2;

c HCl,
Et2O, CH2Cl2.
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Pharmacokinetic Parameters of 8 and 9

Encouraged by the improvement in oral activity, the
pharmacokinetic parameters of 8 and 9 were measured
(Table 2). The volume of distribution8 of 9 is smaller
than 8 and although the clearance of 9 still exceeds liver
blood ¯ow, it is better than 8. Given this high clearance,
the 49% bioavailability of 9 is surprising and suggests
that clearance is not predominantly hepatic, in keeping
with the stability evident in vitro in hamster liver
microsomes. The principle route of metabolism of 8,
which contributes to the very high clearance, is ring
opening of the activated lactam.9 Our success in over-
coming this issue will be described elsewhere. An intri-
guing feature of the in vivo studies was the discovery
that despite the short half lives of 8 and 9, their inhibi-
tory e�ect on elastase in circulating neutrophils is pro-
longed (>20 h). We have attributed this feature to the
mode of action of these compounds as irreversible
intracellular elastase inhibitors.

Intracellular Inhibitors

Intracellular elastase inhibitors described herein have the
ability to penetrate rapidly the circulating neutrophil,
and enter the azurophilic granules where they inhibit the
stored elastase, such that when the neutrophils are
recruited and activated, inhibited elastase is released
(Fig. 2).10 Drug distribution into (and out of) cells is
usually an equilibrium process Ð in this case the
absorption process is irreversible due to covalent bind-

ing of the inhibitor to intracellular elastase. This mode
of inhibition pays a rich dividend in lowering the phar-
macokinetic requirements, providing the rate of neu-
trophil penetration and inhibition is competitive with
respect to clearance mechanisms. There is no require-
ment for sustained circulating therapeutic concentra-
tions of the compound because the inhibitor has already
performed its function which persists for the lifetime of
the neutrophil.

An in vitro assay for intracellular inhibition has been
developed,11 where the inhibitor compound is incubated
with human whole blood for 30min. The neutrophils
are then separated, washed, lysed and any residual elas-
tase activity then measured. We also evaluated the
Merck (L-694,458)12 and Zeneca (ZD-8321)13 elastase
inhibitors; only the former is a potent intracellular
inhibitor (Table 3). Within a particular trans-lactam
series (e.g., variation in the tertiary amine), it was
observed that HWB activity correlated with mlogD.
However plotting clogP versus HWB activity for all
trans-lactams for which data was available (>100 com-
pounds) showed no correlation.

Conclusion

This work laid the foundation for the ®nal phases of our
programme (further lowering clearance and increasing
in vivo potency) that led to a candidate suitable for
development Ð GW311616A that will be described in
due course.
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