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Letters

circulating FVIII levels of 2-5%. This would also decrease the
amount of FVIII necessary to regulate the bleeding tendencies
and, as a consequence, the development of resistance mechanism
to FVIIL

Activated protein C (aPC) is a trypsin-like serine protease
synthesized from protein C through activation by thrombo-
modulin-bound thrombin. aPC enzymatic activity requires the
presence of a cell surface, calcium ions, and a cofactor protein
S (PS), which potentiates the cleavage by aPC of its two main
substrates, FVa and FVIIfa.

The concept of using aPC inhibitors as procoagulant agents
has been mentioned by Butenas in 199. In an experiment
mimicking hemophilia A, the authors showed that thrombin
generation was barely detectable, while in the presence of the
pseudopeptidic inhibitors Arg-ANSN-Lys(Z)-Lys(Z)-OBz (ANSN
Abstr_act: The synthesis and eyalua_tion of inhibi_tors of activateq = 6-aminonaphthalene-2-sulfonyl) and Lys-Lys-Thr-Arg-ANSN-
protein C (aPC). are reported. Thl_s serine protease is p_artly reSpO’?S'bleLys(Z)-Lys(Z)-OBz, the absence of FVIII was fully compen-
for the degradation of factor Vllla, involved in the regulation of bleeding - o161 " 4pC inhibition was said to be responsible for an increased
in hemophilia A. Benzamidine-containing derivatives were found to - . S .
be potent aPC inhibitors, some of them showing selectivity against the geper_at_lon of throm_blf‘l.Thu_s, potent inhibitors of aPC devoid
procoagulant protease thrombin. Moreover, compalisignificantly of |nh|b.|tory properties against procoagulant proteaseg such as
restored the generation of thrombin in hemophiliac plasma. thrombin (Thr) represent structural targets able to improve

I . . . . thrombin generation. Herein, we report for the first time the

Hemophilia A is a severe inherited disorder characterlzt_ad by discovery of a new class of benzamidine-containing aPC
§nhibitors and show that some of these compounds are able to
increase the physiological levels of thrombin in human hemo-
philiac plasma.
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in humans is estimated at 1 in 5000. The major symptom of
hemophilia is hemarthrosis located at the major articulations,
most of the time degenerating to thonic arthro_pat_hy, Whi(?h Is In the course of our quest for novel anticoagulants, all the
characterized by severe degeneration of the cartllaglneous t'ssueéompounds prepared were counterscreened against @B@-
gnd subchondral bone. O'Fher types qf bleeding can algo Occurpoundl was found to be a potent inhibitor of aPC, with an
ls,ri]tljg(teio?ubsecifgs ;r??rrfggrtgg?iguasr;do:‘nrt‘r:%?gﬁgralIy’ this latter ICs0 Of 823 nM. In addition,1 showed promising selectivity
Bleeding tendency in hemophilia A is correlated with a defect against thrombin with an 1§ around 47uM.
in the levels or in the functionality of factor (F) VIII. Patients
with less than 1% of the normal level are considered severe O
hemophiliacs. Those with-15% are considered moderate, and
those with 5-25% are considered mifdFVIIl is cleaved by HooC N conn CON“/\Q\’(NH
thrombin to activated FVIII (FVIIIa). FVllla plays a major role 1 | '
in the intrinsic pathway of the coagulation cascade where it is
responsible through formation of the tenase complex FWIla The synthesis of is shown in Scheme 1 and is representative
FIXa for the amplification of the initiation signal ascribed to of the preparation of all the compounds described here. It was
the extrinsic, tissue-factor-dependent pathway, ultimately leading accomplished in six steps starting from the commercially
to the generation of procoagulant thrombin. available amino este?, which was coupled with BocdR)-
Current treatments for the hemophiliac patient are mainly cyclohexylglycine to give the dipeptidic intermediaén 97%
composed of FVIII concentrates; dramatic progress in the yield. Saponification of the C-terminal ester with sodium
purification and virus inactivation procedures has allowed the hydroxide in dioxane (95%) was followed by coupling with
preparation of human-derived FVIII and recombinant FVIII. protected aminomethylbenzamidtne give 4 in 84% yield.
Although these two sources of FVIII have similar pharmaco- Deprotection of the N-terminal amino group under acidic
kinetic and clinical properties, the major drawback in the conditions was realized in 95% vyield and was followed by
utilization of FVIII concentrates is the development of inhibitory alkylation with benzyl bromoacetate in a nonoptimized yield
antibodies in up to 25% of hemophilia A patients, who develop of 54% to affords. Finally, a double deprotection was performed
bleeding tendencies unresponsive to FVIII infusiéns. by hydrogenolysis to give the desired compound in 66% yield.
It has been shown that the severity of the disease could be To improve the activity and selectivity profiles df structural
dramatically decreased, even with a modest elevation of modifications at the different subsites were considered. We
started by replacingR)-cyclohexylglycine at the P3 subsite by
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22 34. Fax+33 1 55 72 24 30. E-mail: guillaume.denanteuil@fr.netgrs.com.

§ Division D of Medicinal Chemistry, Institut de Recherches Servier.
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T Division of Angiology, Institut de Recherches Servier.
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other simple amino acids (named as A); the correspondisg IC
values for aPC and thrombin are given in Table 1.

The [®R)-configuration for this amino acid appeared to be
critical for optimum potency because tHg-Cyclohexylglycine
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Scheme 1.Synthetic Route to Compourid
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Table 1. aPC and Thrombin Inhibition Values for Compounds with
Modified Amino Acids at the P3 Subsite

H00C”  HN— A— coE Ecor\'H
NH,

NH

Cpd ICs aPC__ ICso Thr | Cpd ICs) aPC__ ICs, Thr
A A
n°® (uM) (M) n°® uMm) (M)
1 O 0.82 47 11 \1/ 3.83 300
AN AN
6 )O\ >33 >33 12 )\ 0.75 >33
AN
NN
7 P >33 100 13 1.12 85
AN
8 /E\ 9.08 33 14 -/O 0.10 1.25
AN
D
9 P 2.04 300 15 11.25 10.05
P
7
10 B S 0.80 =30 |16 > 4 >300
17 Q 53 4.40

containing analogué was totally devoid of activity. The glycine
derivative 7 was also completely inactive. Conversion of
cyclohexylglycine to alanine or ethylglycin® or 9) led to a
loss of potency with IG greater than 1uM. In contrast,
medium-sized amino acids such as vali@) (or leucine (2)
restored the inhibitory activity with 163 against aPC of 0.80 or
0.75uM, respectively. Interestingly,0 was found to be at least
1 order of magnitude more selective thhor 12 with an 1Gs
against thrombin greater than 3pM.

Further increases in the size of the amino acid side chain
with a tert-butylglycine (L1) or an isoleucine13) were again
deleterious for activity.

Replacement of cyclohexylglycine with cyclohexylalanine
gave 14, the most potent aPC inhibitor of this first series of
compounds with an I§ of 0.10u«M; unfortunately, inhibition
of thrombin with 14 was also enhanced with anggvalue in
the micromolar range. In contrast, the aromatic analofjbie

Table 2. aPC and Thrombin Inhibition Values for Compounds with
Modified Amino Acids at the P2 Subsite

Y e
H00C” N CONH CONH
H NH,
NH
Cpd ICso aPC  ICs Thr |Cpd ICs) aPC  ICsy Thr
B B
n°® (um) UM n°® (um) (uM)
10 23 9.28 >300
0.80 >300
CHO OCH,
18 g 10.91 >33 24 @ 0.43 >300
N
19 1.07 300 25 12.65 >300
N
20 1.14 300 26* 0.35 >33
N
21 8 1.70 100 27* p 0.71 13.34

aThe asterisk ) represents monosubstitution on thecarbon.

was much less active. Finally, introduction of 1-aminoisobutyric
acid in 16 or 1-aminocyclopentane carboxylic acidii gave
inactive derivatives.

Taking these first results into account, we maintaineg (
valine as the N-terminal amino acid to study the influence of
the central amino acid located at the P2 subsite (named as B in
Table 2). 2-Aminoindane-2-carboxylic acid used 10 was
replaced by several structural analogues; dimethoxy substitution
on the phenyl ring of the indane nucleds) led to an important
drop in activity. Introduction of a nitrogen atom at position 4
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Figure 1. Thrombin generation with increasing concentrationsl of
((=) 0nM, (---) 10 nM, ¢-+) 20 nM) in PPP from a normal volunteer.

in the indane ring gave two diastereomégsand20 that could

be separated. This was not the case Rithwith the nitrogen
atom at position 5 in the indane ring. These three compounds
gave micromolar values for aPC inhibition. Introduction of a
second aromatic ring in a cycloperdhi| or cyclopentalp]-
naphthalene system ga@? or 23, respectively. The former
was found to be a potent aPC inhibitor with ansd@©f 0.25

uM but was not selective vs thrombin, while the latter was much
less active with an 163 around 10uM.

Increasing the size of the central amino acid by using
2-amino-2,3-dihydro-#-phenalene-2-carboxylic acid gave in-
hibitor 24, almost twice as potent aB0 and with a similar
impressive selectivity profile. The 6-amino-6,7-dihydrd-5
dibenzop,c]cycloheptene-6-carboxylic acid containi2§ was
much less active with an Bggreater than 1@M. Potency was
also improved by extruding the indane ring from the amino acid
skeleton to give26. This compound was also very selective
with an 1G5 against thrombin greater than g81. Using (9-
phenylalanine ir27 proved to be an interesting variation with
an inhibition value for aPC similar to that df albeit with a
decrease in selectivity. Introducing a second phenyl ring gave
diphenylalanine containing8, which was completely devoid
of inhibitory activity.

As a summary of these preliminary investigations, it is worth
noting that the best compromise between inhibitory potency for
aPC and selectivity against thrombin was obtained by using a
medium-sized amino acid at P3 (e.g., valine). As far as P2 was
concerned, the simple indane ring remained the favored moiety

Journal of Medicinal Chemistry, 2006, Vol. 49, No. 5049

nM Thrombin

Figure 2. Thrombin generation with increasing concentrationsl of
((=)0nM, (- - -) 10 nM, ¢-) 20 nM) in PPP from hemophiliac patients.

(20 nM), it is suggested that the inhibitory efficacy bfon
aPC is higher in the presence of its physiological substrate than
with its synthetic chromogenic substrate.

In summary, we have reported here the preparation and
biochemical evaluation of potent low molecular weight inhibitors
of activated protein C, some of them showing a promising
selectivity against the procoagulant protease thrombin. In a
thrombin generation assay, inhibitbevas shown to be inactive
in normal human plasma while it significantly restored thrombin
generation in hemophilia A plasma. Since compounds described
here contain a hydrophilic benzamidine moiety, prodrugs similar
to those obtained from melagatfPaor dabigatrat’ in the field
of thrombin inhibition will have to be prepared to obtain orally
available inhibitors. On the basis of these preliminary results,
it appears here for the first time that a low molecular weight
selective inhibitor of aPC could become a potential oral
treatment of great value for increasing FVIII levels in hemo-
philiacs, thus improving the quality of life of people enduring
this devastating genetic disease.
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mostly because of its easy synthetic access either as a spirQyperimental protocols for aPC, thrombin inhibition, and thrombin

system such as ih0 or as a substituent on thecarbon in26.
Because of its improved selectivity vs thromh24, containing

a central tricyclic system was also selected as an interesting
candidate for further studies.

As a preliminary indication that an aPC inhibitor might be
of interest as a potential treatment for hemophilia disorders,
was studied on thrombin generation using the calibrated
automated thrombogram assayn normal pooled human
platelet poor plasma (PPPYhrombin generation induced by
intrinsic coagulation pathway was observed with peak levels
around 400 nM. Under these conditions, inhibitbrbarely
increased thrombin generation when incubated at increasing
concentrations of 10 and 20 nM (Figure 1). In contrast, in a
human moderate hemophilia A PPP (FVH 5%), where
thrombin generation was almost absent (Figure 2), inhilditor
used at 10 and 20 nM significantly restored the thrombin
generation to a maximum level of 160 nM.

Moreover, in human severe hemophilia A PPP spiked with
5% normal human PPP where the thrombin generation peak
was at 55 nM, inhibitod (20 nM) increased thrombin generation
to a maximum peak level of 201 nM. Notably, sinced©f 1
in the screening assay (0.@®1) is far above the concentration
that gives a maximal effect in the thrombin generation assay

generation. This material is available free of charge via the Internet
at http://pubs.acs.org.
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