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Small molecule inhibitors of plasma kallikrein
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Abstract—Plasma kallikrein is a serine protease that is involved in pathways of inflammation, complement fixation, coagulation,
and fibrinolysis. Herein, we describe the SAR and structural binding modes of a series of inhibitors of plasma kallikrein as well
as the pharmacokinetics of a lead analog 11 in rat.
� 2006 Elsevier Ltd. All rights reserved.
Table 1. SAR of selected analogs in the 5-amidino-2-(2-hydroxy-

biphenyl-3-yl)-benzimidazole series9
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Compound R1 R2 R3 p-kall

Ki (nM)

Selectivity for p-kall

versus

Xa VIIa Trypsin

1 H H H 8 300 9 830

2 OH H H 13 460 1 1075

3 OMe H H 6 1190 22 2710

4 F H H 12 200 12 500

5 Me H H 6 110 10 140

6 H OH H 3 1200 30 2900

7 H OMe H 5 780 25 1430

8 H COCH3 H 6 375 5 1015

9 H Me H 4 600 10 1075

10 H CN H 10 150 7 530

11 H CONH2 H 0.5 10,300 200 23,600

12 H Cl H 3 530 22 1300

13 H H OH 65 190 14 135

14 H H OMe 27 250 85 75

15 H H Me 18 240 25 200
Plasma kallikrein (p-kallikrein) is a serine protease
which plays a central role in the contact activation and
kinin generation pathways.1,2 Once p-kallikrein is acti-
vated from the zymogen precursor prekallikrein (Flet-
chor Factor),3 it initiates surface-mediated activation
of coagulation, fibrinolysis, and kinin generation. Once
activated, p-kallikrein levels are controlled by endoge-
nous C1 inhibitor as well as a2-macroglobulin and anti-
thrombin III.4 An imbalance between p-kallikrein and
its naturally occurring plasma inhibitors is associated
with several disease states,5 such as hereditary angioede-
ma (HAE), inflammatory bowel disease (IBD), systemic
lupus, rheumatoid arthritis (RA), allergic rhinitis, and
others. Accordingly, research groups have pursued the
development of inhibitors of p-kallikrein as potential
therapeutics.6,7 To date, no small molecule inhibitors
have made it to market, although large proteins are
currently in clinical trials for the treatment of HAE
and for reduced blood loss during surgery.7

While developing inhibitors for our internal protease
programs,8 we routinely screened analogs against p-kal-
likrein. In doing so, we discovered many compounds in
several different structural classes which were very po-
tent against this enzyme. In particular, analogs of the
5-amidino-2-(2-hydroxy-biphenyl-3-yl)-benzimidazole (1)
scaffold stood out as the most potent and selective.
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Table 1 outlines the SAR of 16 selected compounds with
small substituents at the ortho, meta, and para positions
on the 3 0-phenyl ring of scaffold 1.9 The inhibition of all
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Table 2. Pharmacokinetics of 11 in male rats (n = 3) following iv bolus

administration of 1 mg/kg13

Pharmacokinetic parametera Mean (±SD)

Cmax (lM) at 2 min 17.8 (1.3)

CL (mL/min/kg) 0.54 (0.03)

Vc (mL/kg) 71 (6)

Vss (mL/kg) 319 (5)

MRT (min) 591 (41)

AUC (lM*min) 3390 (183)

a-t1/2 (min) [%AUC] 2 (0.1) [1]

b-t1/2 (min) [%AUC] 30 (5) [8]

c-t1/2 (min) [%AUC] 449 (36) [91]

aCmax, maximum plasma concentration at first sampling time (2 min);

CL, plasma clearance; Vc, volume of central compartment; Vss,

volume of distribution at steady state; MRT, mean residence time;

AUC, area under the plasma concentration versus time curve; t1/2,

half life for the three exponential phases (a, b, c); and %AUC, por-

tion of AUC associated with each half life.

W. B. Young et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2034–2036 2035
sixteen compounds for p-kallikrein is quite good, with
inhibition constants (Ki) ranging from 0.5 nM (analog
11) to 65 nM (analog 13). This structural class also
potently inhibits a related enzyme factor VIIa (fVIIa).
Consequently, there is only a 1- to 200-fold separation
between the activity for p-kallikrein and fVIIa within
these selected analogs. The preference for p-kallikrein
versus factor Xa (fXa) and trypsin is fairly impressive
with roughly a 100- to 1000-fold potency separation
for most analogs. Although not noted in Table 1, the
selectivity versus another related enzyme, thrombin,
was >1000-fold for all analogs, with most being
>100,000-fold. Within this set of compounds, analog
11 is the most potent for p-kallikrein and has the best
selectivity profile versus fXa, fVIIa, and trypsin.

We recently reported the first published crystal struc-
tures of human plasma kallikrein (complexed with ben-
zamidine at 1.85 Å10 and 1.40 Å11 resolution two crystal
forms).12 P-kallikrein adopts a fold typical of a trypsin-
like serine protease, with the catalytic triad, Asp102,
His57, and Ser195 at the active site, and Asp189 at the
S1 site (Fig. 1). Based on crystal structures of other tryp-
sin-like proteases bound by inhibitors similar to those
reported here,8 we constructed a model of 11 in p-kalli-
krein (Fig. 1). In this model, the amidine makes hydro-
gen bonds with Asp189 at the S1 site, the phenolate with
His57 and Ser195 at the active site, and the succinate
with Lys192. From the model shown in Figure 1 or
other models of 11 in fXa, fVIIa, and trypsin (not
shown), it is not immediately apparent what elements
are responsible for the differences in binding affinity be-
tween these enzymes for this scaffold. The excellent
selectivity observed against fIIa, however, can be ratio-
nalized by the negative electronic interaction of the
5 0-acid on the inhibitors with Glu192 of thrombin. In
addition, the model suggests that the increased potency
and selectivity observed for compound 11 is due to a
specific interaction between the 3 0 benzamide and
Asp60 in p-kallikrein.
Figure 1. Model of 11 in plasma kallikrein.
The pharmacokinetic properties of 11 were evaluated
after intravenous (iv) bolus administration to male Spra-
gue–Dawley rats (1 mg/kg).13 The pharmacokinetic
parameters of this evaluation are provided in Table 2.
Analog 11 has impressive preclinical pharmacokinetics,
displaying low plasma clearance, a small volume of
distribution, and a long mean residence time (almost
10 h)-ideal characteristics for a drug targeting blood
components. These data suggest that once-a-day dosing
in human is possible.

Analog 11 was synthesized as outlined in Scheme 1.
Starting from the commercially available 4-iodoanisole
(17), the succinate moiety was inserted via a Heck
OMe OH

OH

H

O

CO2Me
MeO2C

(HO)2B

CN

OH

CO2H
HO2C

RN

NH

H2N

HN

CN

OHO

20

17 18 19

21

g h

95% 88%

10: R=CN
11: R = CONH2

i

Scheme 1. Reagents and conditions: (a) dimethylfumarate, PdCl2,

NEt3, MeCN; (b) Pd(OH)2/H2, MeOH; (c) HBr, reflux; (d) SOCl2,

MeOH; (e) paraformaldehyde, MgCl2, TEA, MeCN; (f) N-bromosuc-

cinimide, DMF; (g) Pd(PPh3)4, Na2CO3, toluene; (h) 3,4-diamino-

benzamidine-HCl, O2, EtOH; (i) 2 M NaOH.
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reaction with dimethylfumarate and the resulting olefin
was reduced by catalytic hydrogenation. Subsequent
treatment with HBr followed by reesterification of the
acid moieties led to diester 18. Next, compound 18
was treated with magnesium chloride and paraformalde-
hyde followed by reaction with n-bromosuccinimide to
give aryl bromide 19. A Suzuki reaction of 19 and 20
afforded the biaryl analog 21. The benzimidazole was
then installed by treatment of 21 with 3,4-diaminobenz-
amidine to give 10. Finally, the nitrile of 10 was hydro-
lyzed to the amide with sodium hydroxide and the
resulting crude material was purified by reverse-phase
HPLC to give 11 as a racemic mixture of enantiomers.

In conclusion, a series of potent 5-amidino-2-(2-hy-
droxy-biphenyl-3-yl)-benzimidazole inhibitors of plas-
ma kallikrein were identified. Within this series,
analog 11 demonstrated the best potency and selectiv-
ity profile for plasma kallikrein versus related serine
proteases. The pharmacokinetic parameters after iv
dosing to rat indicate that this compound is highly
stable in vivo and could be further developed for
the treatment of inflammatory or coagulation
disorders.
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