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Hepatitis C virus NS3-4A serine protease inhibitors:
SAR of P0

2 moiety with improved potency
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Abstract—We have discovered that introduction of appropriate amino acid derivatives at P0
2 position improved the binding potency

of P3-capped a-ketoamide inhibitors of HCV NS3 serine protease. X-ray crystal structure of one of the inhibitors (43) bound to the
protease revealed the importance of the P0

2 moiety.
� 2005 Elsevier Ltd. All rights reserved.
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Hepatitis C virus (HCV) is the etiologic agent of non-A
and non-B hepatitis leading to liver cirrhosis, heptacellu-
lar carcinoma, and liver failure in humans.1 It has been
estimated that 3% of the human population worldwide
is infected with HCV.2 Currently, the FDA-approved
treatment regimens for this infection are a-interferon
monotherapy and a-interferon–ribavirin combination
therapy.3 While recent approval of pegylated version
of a-interferon, PEG-INTRON, and PEGASYS, have
improved the therapeutic effectiveness, it is still far from
ideal. Due to the seriousness of the disease, there is an
urgent need for new and more effective protocol for
the treatment of HCV infections.

Since the identification of hepatitis C virus, the NS3 ser-
ine protease, contained within the N-terminal region of
the NS3 protein, has been studied extensively.4 This chy-
motrypsin-like serine protease has been implicated in the
viral replication and hence, is an attractive target for
HCV antiviral therapeutics.5

Hexapeptide derivatives containing a-ketoamide electro-
philic trap have been reported by our group6 and others7
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to be potent inhibitors of HCV NS3 serine protease. A
noteworthy feature of the a-ketoamide moiety is the
ability to introduce functionality at both ends, that is,
amino and carboxyl terminus, of the molecule. A generic
structure of an a-ketoamide inhibitor describing the
non-prime (P) region and prime (P 0) region is shown
in Figure 1.

Most of the work reported so far on HCV NS3 serine
protease inhibitors describes truncation/variation of
the P region in an attempt to improve the binding poten-
cy.8 Limited work has been undertaken in the P 0 region
to enhance the binding affinity.9 Herein, we disclose our
efforts in this area, specifically discussing variation of the
P0
2 side chain, which resulted in highly potent inhibitors

of HCV NS3 serine protease.

Both solution phase and solid phase methods were ap-
plied for synthesis of compounds reported in this com-
munication. For solution phase approach, synthetic
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Figure 1.
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efforts for the designed targets were initiated by treating
the commercially available dipeptide 1 with the P1–P

0

intermediate 26 under coupling conditions (EDCI,
HOBt, and NMM) to provide the hydroxy amide 3. Oxi-
dation of 3 to the corresponding ketoamide was carried
out using Dess–Martin�s periodinane.10 Protecting
group manipulation on the amino end, followed by
unraveling the allyl moiety gave the acid 5. Introduction
of the P0

2 moiety was carried out by coupling with appro-
priate amino acid derivative to give 6. Hydrolysis using
aqueous sodium (or lithium) hydroxide provided 7
(Scheme 1).11
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Scheme 1. Reagents: (a) EDCI, HOBt, NMM, CH2Cl2; (b) Dess–Martin�s pe
CH2Cl2; (iii) aq 1 N NaOH, THF; (d) HClÆH2NCH(P0
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Scheme 2. Solid phase synthesis of ketoamides. Reagents: (a) 20% piperidine

HATU, DIEA, DMF; (d) Fmoc-NH-CH(n-Pr)-CH(OH)-CO2H, HATU, DI

OH, HATU, DIEA, DMF; (g) (i) Dess–Martin periodinane, t-BuOH, CH2C
The solid phase synthesis of a-ketoamides is depicted in
Scheme 2. Fmoc protected a-amino acids (P0

2 moiety)
were coupled to Sieber resin under HATU/DIEA condi-
tions.12 Deprotection of the Fmoc group followed by
coupling with Fmoc-a-amino acid or Fmoc-a-amino
hydroxyacid in an iterative mode resulted in 11. The res-
in-bound a-hydroxyamide 12 could be obtained by
capping the P2 N-terminus in 11 with i-Boc-Val-OH or
i-Boc-Chg-OH. It is worth noting that the hydroxyl
group was not acylated under the repeated HATU/
DIEA amide bond formation conditions. The solid
phase oxidation of the resin-bound a-hydroxyamide 12
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Compound No. R Ki*(lM)

21 H —

22 NH2
82

23 CO2H 18

24
OH

111

25 O Ph 3.5

26 53

27 2.6

28 16

29 8

30 6.7

31 12

32 15

33 2.1

34a 0.36

a P3 = Chg instead of Val.
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to the a-ketoamide 13 was achieved using Dess–Martin�s
periodinane. Excess periodinane was quenched with iso-
propanol before work-up. It was found that the solid by-
product from the Dess–Martin oxidation could be re-
moved by washing with aqueous THF. The desired a-
ketoamide 14 was cleaved from the Sieber resin under
mild 2% TFA/CH2Cl2 conditions.

It has been established9a that glycine moiety at P0
1 posi-

tion enhanced the potency of P4 capped inhibitors.
Interaction with Lys136 and Arg 109 of the protein
was reasoned for the improved potency of these inhibi-
tors. Based on extensive analyses of X-ray crystal struc-
tures of our hexapeptide inhibitors bound to the
protease,13 we rationalized that strategically positioned
groups off the P0

1 position could interact favorably with
Lys136 and hence lead to further enhancement in poten-
cy. To test this hypothesis, a small set of compounds
(Table 1) was synthesized using solution phase chemis-
try (Scheme 1). We chose to truncate these molecules
at P3 (i-Boc cap at P3) in order to maintain the molecu-
lar weight of the target compounds in the �drug-like�
region.

HCV NS3 serine protease inhibitory activity14 for the
targets synthesized was obtained using the continuous
spectrophotometric assay described earlier.15 Interest-
ingly, the targets containing hydrophobic side chain at
P0
2 (compounds 19 and 20, Table 1) turned out to be

more potent (Ki* = 15 lM) in comparison with targets
containing acidic side chain (compounds 15–18, Table
1).

Encouraged by the results obtained for compounds 19
and 20, we then embarked on varying the P0

2 moiety.
These compounds were synthesized using solid phase
chemistry described in Scheme 2. Target compounds
were assayed as described previously15 and the results
are listed in Table 2. From the HCV protease inhibitory
data obtained it was clear that polar functionality at P0

2

position was less potent (compounds 22–24, Table 2).
While hydrophobic moiety was accommodated at this
Table 1.
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Compound No. R R0 Ki* (lM)

15
CO2Me

Me 55

16
CO2Na

Na >100

17
CO2Et

Me 20

18
CO2Li

Li >100

19 Me 15

20 Li 15
position, disubstitution at the b carbon was more pre-
ferred (compound 27, Table 2), compared to trisubstitu-
tion (compound 26, Table 2) or monosubstitution
(compounds 28–32, Table 2). Most interestingly, an aro-
matic group off the a-carbon (compound 33, Table 2,
phenylglycine at P0

2) exhibited the best potency in this
series, with Ki* = 2.1 lM. Replacement of P3 valine with
cyclohexylglycine resulted in compound 34 with further
improvement in potency (Ki* = 0.36 lM).

The targets included inTables 1 and2were prepared using
proline as the P2 residue. However, after extensive explo-
ration, we found that leucine at P2 was comparable, if not
better than proline. Thus, we carried out a similar study
using leucine as P2with cyclohexylglycinemoiety at P3 be-
cause P3 residue showed a synergistic effect in improving
the potency. Most of these targets were prepared using
the solid phase chemistry described in Scheme 2. Selected
compounds that were prepared via solution phase chem-
istry followed procedures described in Scheme 1. The
SAR of the P2 leucine series (Table 3) paralleled the pro-
line series. Thus, polar functionalities at P0

2 were less po-
tent (compounds 37–39, Table 3). Small hydrophobic
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Figure 3. X-ray structure of 43 bound to the protease.
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Compound No. R R0 Ki* (lM)

35
O

NH2 0.46

36 CO2tBu NH2 —

37 CO2H NH2 8.4

38 NBoc OHb 3.3

39 NH OHb 6.4

40 NH2 2.6

41 NH2 0.28

42 OHb 0.33

43 NH2 0.066

44 OtBub 0.65

45 OHb 0.12

46a OBnb 0.60

47a OHb 0.098

aP3 cap = t-Boc.
b These compounds were prepared via solution phase synthesis.
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groups were well tolerated, with phenyl glycine at P0
2

exhibiting the best potency (compound 43, Table 3,
Ki* = 0.066 lM). Changing the P0

2 terminal carboxamido
group to carboxylic acid functionality retained most of
the potency (compound 45, Table 3). Similarly, both the
i-Boc and t-Boc P3 caps were essentially equipotent (com-
pounds 45 and 47, Table 3).

To demonstrate the importance of the P0
2 carboxyl ter-

minus (as carboxamido or carboxylic acid), target com-
pounds lacking the P0

2 carboxyl residue were synthesized
in P2 proline and P2 leucine series. In both cases, these
derivatives (48 and 49) had lost most of the binding
potency, thus, clearly indicating the importance of the
carboxyl functionality (Fig. 2).

X-ray crystal structure of the inhibitor 43 bound to the
protease is shown inFigure 3.16The peptidic core is bound
to the protease through a series of hydrogen bonding
interactions. The catalytic Ser139 attacked the electro-
philic keto functionality in a covalent and reversible man-
ner. Interestingly, the amide carbonyl group adjacent to
the keto moiety occupied the oxyanion hole, instead of
the tetrahedral oxygen anion resulting from the attack
of Ser139, as expected. The norvaline residue at P1 is bur-
ied into the shallowhydrophobic S1 pocket. The cyclohex-
yl moiety at P3 occupied the S3 pocket, providing
additional hydrophobic contact with the enzyme, in com-
parison with isopropyl group (i.e., Val) at P3. The P

0 res-
idue wrapped over the side-chain of Lys136. Most
notably, the P1–P

0
2 moiety formed a C-clamp locking

Lys136 in place. The resultant increase in extensive hydro-
phobic interaction was translated into enhanced binding
potency.

In summary, we have discovered that introduction of
appropriate amino acid derivatives, specifically phenyl-
glycine, at P0

2 position improved the binding potency
of P3-capped ketoamide inhibitors of HCV NS3 serine
protease. X-ray crystal structure of one of the inhibitors
(43) bound to the protease revealed the importance of
the P0

2 moiety in enhancing the potency. It can be seen
that the P1–P

0
2 moiety formed a C-clamp locking

Lys136, thereby making extensive hydrophobic interac-
tion with the Lys side chain. This hydrophobic interac-
tion, along with the hydrogen bonding interaction
resulting from the P0

2 carboxyl terminus, played a critical
role in improving the binding potency. We are currently
using this information advantageously in the design of
other analogs in this series.



4184 A. Arasappan et al. / Bioorg. Med. Chem. Lett. 15 (2005) 4180–4184
Acknowledgment

We thank the SPRI Structural Chemistry group for pro-
viding NMR and Mass Spectral assistance.
References and notes

1. (a) Cohen, J. Science 1999, 285, 26; (b) Houghten, M. In
Virology; Fields, B. N., Knipe, D. M., Howley, P. M.,
Eds.; Raven Press: New York, 1996, pp 1035–1058; (c)
Cuthbert, J. A. Clin. Microbiol. Rev. 1994, 7, 505.

2. Consensus Panel. EASL International Consensus Confer-
ence on Hepatitis C, Paris, 26–28 February 1999, Con-
sensus Statement. J. Hepatol., 1999, 30, 956.

3. Dymock, B. W. Emerging Drugs 2001, 6(1), 13, and
references cited therein.

4. (a) De Francesco, R.; Tomei, L.; Altamura, S.; Summa,
V.; Migliaccio, G. Antiviral Res. 2003, 58, 1; (b) Stein-
kuhler, C.; Koch, U.; Narjes, F.; Matassa, V. G. Curr.
Med. Chem. 2001, 8, 919; (c) Kwong, A. D.; Kim, J. L.;
Rao, G.; Lipovsek, D.; Raybuck, S. A. Antiviral Res.
1998, 40, 1.

5. (a) Kolykhalov, A. A.; Mihalik, K.; Feinstone, S. M.;
Rice, C. M. J. Virol. 2000, 74, 2046; (b) Bartenschlager,
R.; Lohmann, V. J. Gen. Virol. 2000, 81, 1631.

6. (a) Saksena, A. K.; Girijavallabhan, V. M.; Lovey, R. G.;
Jao, E.; Bennett, F.; McCormick, J. L.; Wang, H.; Pike, R.
E.; Bogen, S. L.; Liu, Y.-T.; Arasappan, A.; Parekh, T.;
Pinto, P. A.; Njoroge, G.; Ganguly, A. K.; Brunck, T. K.;
Kemp, S. J.; Levy, O. E.; Lim-Wilby, M. U.S. Patent
6800434 B2, 2004; Chem. Abstr. 2002, 136, 151440; (b)
Arasappan, A.; Njoroge, F. G.; Parekh, T. N.; Yang, X.;
Pichardo, J.; Butkiewicz, N.; Prongay, A.; Yao, N.;
Girijavallabhan, V. Bioorg. Med. Chem. Lett. 2004, 14,
5751.

7. (a) Bennett, J. M.; Campbell, A. D.; Campbell, A. J.; Carr,
M. G.; Dunsdon, R. M.; Greening, J. R.; Hurst, D. N.;
Jennings, N. S.; Jones, P. S.; Jordan, S.; Kay, P. B.;
O�Brien, M. A.; King-Underwood, J.; Raynham, T. M.;
Wilkinson, C. S.; Wilkinson, T. C. I.; Wilson, F. X.
Bioorg. Med. Chem. Lett. 2001, 11, 355; (b) Han, W.; Hu,
Z.; Jiang, X.; Decicco, C. P. Bioorg. Med. Chem. Lett.
2000, 10, 711.

8. Yip, Y.; Victor, F.; Lamar, J.; Johnson, R. B.; Wang, Q.
M.; Glass, J. I.; Yumibe, N.; Wakulchik, M.; Munroe, J.;
Chen, S.-H. Bioorg. Med. Chem. Lett. 2004, 14, 5007, and
references cited therein.

9. (a) Han, W.; Hu, Z.; Jiang, X.; Wasserman, Z. R.;
Decicco, C. P. Bioorg. Med. Chem. Lett. 2003, 13, 1111;
(b) Colarusso, S.; Koch, U.; Gerlach, B.; Steinkuhler, C.;
De Francesco, R.; Altamura, S.; Matassa, V. G.; Narjes,
F. J. Med. Chem. 2003, 46, 345; (c) Lamar, J.; Victor, F.;
Snyder, N.; Johnson, R. B.; Wang, Q. M.; Glass, J. I.;
Chen, S.-H. Bioorg. Med. Chem. Lett. 2004, 14, 263.

10. (a) Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155;
(b) Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991, 113,
7277.

11. Few targets were prepared via modified sequence—t-Boc
group of 3 was replaced with i-Boc and then the allyl
moiety was hydrolyzed to the corresponding acid (condi-
tion c). The resulting acid was coupled with P0

2 aminoester
(condition d) and oxidized using Dess–Martin�s period-
inane (condition b).

12. Carpino, L. A.; El-Faham, A.; Albericio, F. J. Org. Chem.
1995, 60, 3561.

13. Unpublished data from our group.
14. The HCV NS3 Serine protease inhibitory value is provided

as Ki*. For a definition of Ki* and discussion, see
Morrison, J. F., Walsh, C. T., in Adv. Enzymol., Meister,
A., Ed.; 1988, Vol. 61, pp 201–301.

15. Zhang, R.; Beyer, B. M.; Durkin, J.; Ingram, R.; Njoroge,
F. G.; Windsor, W. T.; Malcolm, B. A. Anal. Biochem.
1999, 270, 268, For the present study, the substrate Ac-
DTEDVVP(Nva)-O-PAP was employed.

16. Crystallographic data for the inhibitor-protease complex
included in this paper has been deposited with the RCSB
Protein Data Bank as PDB ID 2A4G. The structural
details can be viewed at www.rscb.org using the ID
number above.

http://www.rscb.org

	Hepatitis C virus NS3-4A serine protease inhibitors: SAR of   {{\rm{P}}}_{\bf 2}^{\prime} moiety with improved potency
	Acknowledgment
	References and notes


