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C O N S P E C T U S

More than 170 million people worldwide are affected
by the hepatitis C virus (HCV). The disease has been

described as a “silent epidemic” and “a serious global
health crisis”. HCV infection is a leading cause of chronic
liver disease such as cirrhosis, carcinoma, or liver fail-
ure. The current pegylated interferon and ribavirin com-
bination therapy is effective in only 50% of patients. Its
moderate efficacy and apparent side effects underscore the
need for safer and more effective treatments. The non-
structural NS3 protease of the virus plays a vital role in
the replication of the HCV virus. The development of small
molecule inhibitors of NS3 protease as antiviral agents
has been intensively pursued as a viable strategy to erad-
icate HCV infection. However, it is a daunting task. The
protease has a shallow and solvent-exposed substrate
binding region, and the inhibitor binding energy is mainly
derived from weak lipophilic and electrostatic interactions.
Moreover, lack of a robust in vitro cell culture system and
the absence of a convenient small animal model have
hampered the assessment of both in vitro and in vivo effi-
cacy of any antiviral compounds. Despite the tremendous
challenges, with access to a recently developed cell-based replicon system, major progress has been made toward a
more effective small molecule HCV drug. In our HCV program, facing no leads from our screening effort, a structure-
based drug design approach was carried out. An R-ketoamide-type electrofile was designed to trap the serine hydroxyl
of the protease. Early ketoamide inhibitors mimicked the structures of the peptide substrates. With the aid of X-ray
structures, we successfully truncated the undecapeptide lead that had a molecular weight of 1265 Da stepwise to a
tripeptide with a molecular weight of 500 Da. In an attempt to depeptidize the inhibitors, various strategies such as
hydrazine urea replacement of amide bonds and P2 to P4 and P1 to P3 macrocyclizations were examined. Further
optimization of the tripeptide inhibitors led to the identification of the best moieties for each site: primary ketoam-
ide at P′ , cyclobutylalanine at P1, gem-dimethylcyclopropylproline at P2, tert-leucine at P3, and tert-butyl urea as cap-
ping agent. The combination of these led to the discovery of compound 8 (SCH 503034, boceprevir), our clinical
candidate. It is a potent inhibitor in both enzyme assay (Ki* ) 14 nM) and cell-based replicon assay (EC90 ) 0.35
µM). It is highly selective (2200×) against human neutrophil elastase (HNE). Boceprevir is well tolerated in humans
and demonstrated antiviral activity in phase I clinical trials. It is currently in phase II trials. This Account details the
complexity and challenges encountered in the drug discovery process.
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Introduction
Hepatitis C virus (HCV) infection is one of the most significant

health problems affecting humans. An estimated 170 million

individuals (3%) worldwide and more than 4 million Ameri-

cans (1.3%) are infected with HCV.1 In roughly 80% of cases,

the virus leads to a chronic form of hepatitis, a condition that

is incurable in many patients. Without therapeutic interven-

tion, it can lead to morbidity or mortality in 10–20 years

through either cirrhosis and hepatic failure or hepatocellular

carcinoma.2 It is anticipated that a significant percentage of

those currently infected will develop cirrhosis and other asso-

ciated hepatic sequelae. HCV infection is the most common

cause of liver transplantation.2

Current medical treatment options are limited. The only

drugs available are subcutaneous interferon-R (IFN-R) or peg-

ylated-IFN-R, alone or in combination with oral ribavirin.3

IFN-R is a protein that stimulates the immune system, while

ribavirin is a nucleoside analog that works in concert with

IFN-R to control the infection. The efficacy of this combina-

tion therapy against the predominant genotype 1 affecting

North America, Europe, and Japan is moderate, with only

about 50% of the patients showing sustained virological

response. Some patients also experience significant side

effects related to the treatment. With few alternatives avail-

able, more effective agents with fewer side effects are clearly

needed.3

HCV, the etiologic agent of non-A, non-B hepatitis, was

identified in 19894 and is a member of the Flaviviridae. HCV

is an enveloped, positive-strand RNA virus of approximately

9.6 kilobases. Upon entering a suitable host cell, the HCV

genome serves as a template for cap-independent translation

through an internal ribosome entry site (IRES).5 The resulting

polyprotein undergoes both co- and post-translational pro-

teolytic maturation by host and virally encoded proteases. The

virally encoded protease responsible for processing the non-

structural (NS) portion of the polyprotein is located in the

N-terminal third of the NS3 protein5 (Figure 1). Following auto-

proteolysis of the NS3-NS4A junction, the protease cleaves

the polyprotein at the NS4A-NS4B, NS4B-NS5A, and

NS5A-NS5B junctions to release the downstream NS proteins.

The mature proteins subsequently self-assemble on the endo-

plasmic reticulum to generate the replicative complex or repli-

some. The replisome, using the viral genome as a template,

generates negative-strand viral RNA intermediates, which are

then used as templates to synthesize new positive-strand

(genomic) RNAs. These are either translated to yield more

polyprotein or, later in the infection cycle, encapsulated to

generate progeny virions. Inhibition of the maturational activ-

ities of the NS3 protease would therefore suppress replisome

formation, RNA replication, and ultimately new virions.

The X-ray structures of NS3 protease, both as an isolated

domain and in the full-length NS3 protein, have been deter-

mined.6 The structural data has provided detailed insights to

facilitate rational inhibitor design. The NS3 protease is in

many ways a typical �-barrel serine protease, with a canoni-

cal Asp-His-Ser catalytic triad similar to the well-studied diges-

tive enzymes trypsin and chymotrypsin. By contrast, the NS3

protease uses an extended polydentate binding cleft, with sev-

eral recognition subsites to ensure specificity. It forms a het-

erodimeric complex with the NS4A protein, an essential

cofactor that activates the protease and assists in anchoring

the heterodimer to the endoplasmic reticulum. On the other

hand, the RNA-dependent RNA polymerase (RdRp) contained

within the NS5B protein is the catalytic component of the HCV

RNA replication machinery.5,7 This enzyme synthesizes RNA

using the RNA template. This biochemical activity is not

present in mammalian cells, offering the opportunity to iden-

tify very selective inhibitors of the viral enzyme.

Much of the recent effort has been directed toward devel-

oping drugs that inhibit viral replication. Several promising

small-molecule inhibitors of the NS3/4A protease and the

FIGURE 1. Schematic representation of the HCV genome and NS3
protease polyprotein. NS3 is a bifunctional protein with protease
and helicase activities. The green box represents the NS3 protease
domain, and thin arrows depict cleavages mediated by the NS3/
NS4A protease complex.
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NS5B polymerase are in clinical development.8 Early testing

has demonstrated strong antiviral activity both in vitro and in

patients. Inhibitors toward other potential targets such as IRES

and NS5A are in earlier stages of preclinical investigation.

Although efforts are ongoing to develop a vaccine,9 the

unusually rapid genetic drift of HCV makes this a daunting

task.

Challenges in Discovering
HCV Protease Inhibitors
Although HCV was characterized more than a decade ago, the

lack of a robust in vitro cell culture system capable of support-

ing its replication has complicated traditional approaches to

developing or evaluating antiviral compounds. Likewise, the

absence of a convenient small animal model has hampered

the assessment of in vivo efficacy. Most of our knowledge of

HCV has been derived from surrogate experimental systems

that approximate infection and often preclude definitive inter-

pretation. Only since the development of the HCV autono-

mous subgenomic replicon system,10 a severe combined

immunodeficiency disease (SCID) mouse with chimeric human

liver model,11 and the chronically infected chimpanzee

model10has the preclinical evaluation of potential anti-HCV

agents become possible.

There are currently two animal models for preclinical eval-

uation of anti-HCV therapies; both of which suffer from limi-

tations that make them less than ideal for preliminary studies.

HCV infects only humans and chimpanzees. The chronically

infected chimpanzee model,12 the “gold standard” for HCV

studies, is challenging and expensive because one out of three

chimpanzees spontaneously resolve their HCV infection. An

immune-deficient SCID mouse-human liver xenograft sys-

tem11 was developed by researchers at the University of

Alberta. In this model, the livers of neonate SCID beige mice

are colonized with infused human hepatocytes, which rescues

them from a fatal transgene. Infection of these human liver

grafts by several genotypes of HCV and the therapeutic effects

of INF-R have been reported. Unfortunately, the animals are

fragile and scale up of the colony has been slower than

expected, thus limiting access to the system.

Owing to the fact that the NS3-NS4A protease is playing

a critical role in HCV viral replication, it has been viewed as an

ideal target for the creation of new HCV therapy.8,13 How-

ever, developing HCV protease inhibitors as drugs was no triv-

ial task. At the onset of our work, there were no viable lead

structures from which to develop potential drug candidates.

Our screening effort of four million compounds did not gen-

erate any meaningful leads to initiate a drug discovery effort.

Thus, early inhibitors were designed based on the

substrate-enzyme active site interactions.14 However, the

HCV protease requires an extensive peptide substrate, with

which it establishes multiple weak interactions distributed

along an extended surface. The requirement of large sub-

strates was a major concern in the development of orally bio-

available small molecule drugs. It was feared that the enzyme

may only be inhibited by molecules large enough to mimic

the natural substrate. Indeed, early leads were long peptidic

compounds that occupied much of the substrate-binding site

to take advantage of multiple hydrogen bonding and hydro-

phobic interactions. The major challenge was to modify these

large molecules to the less peptidic and lower molecular

weight drug candidates with desirable pharmacokinetic (PK)

profiles, while retaining or improving potency in the enzymatic

and cellular assays. The resolution of the three-dimensional

structure6 of the enzyme damped the enthusiasm of medici-

nal chemists further, because the substrate-binding cleft of

NS3-NS4A protease seemed flat and featureless, lacking the

cavities, holes, and flaps, or so-called binding pockets, that had

been exploited as anchor points to design potent and selec-

tive inhibitors of other proteases.

Moreover, there was another major challenge for any suc-

cessful anti-HCV therapy: drug-resistant viruses emerge rap-

idly under the selective pressure. The fast turnover rate and

the intrinsic low fidelity of the HCV replication machinery

endowed the virus with the ability to fully explore its genome

space and quickly come up with mutations that rendered it

resistant to antiviral drugs.

As a result of all these difficulties, no HCV protease inhib-

itors have been approved yet for the treatment of HCV dis-

ease in spite of the fact that the virus was fully characterized

in 1989. However, efforts within the pharmaceutical industry

have resulted in several candidates in clinical development,8

including boceprevir.15

Our Approach for Inhibitor Design
Since our screening efforts failed to generate potential leads

to initiate a drug discovery effort, we embarked on a structure-

based design approach. Early research for inhibitors capital-

ized on the observation that the enzyme is susceptible to

marked inhibition by the N-terminal peptide products released

from the substrates upon enzymatic cleavage. Learning from

experiences from others in developing potent serine-protease

inhibitors,16 incorporation of a serine trap into the molecule

was a promising approach. We envisioned that reaction of the

active site serine (Ser139)6 with conventional electrophiles

such as aldehydes, ketones, trifluoromethyl ketones, and R-ke-
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toamides and subsequent trapping of the resulting transition-

state analogues by the active site triad (Ser139, His57, and

Asp81, Figure 2)6 would provide effective inhibition. After con-

siderable research, a few large peptidic molecules, mimick-

ing the peptide substrate structures but containing an

R-ketoamide functionality, were discovered to be potent HCV

protease inhibitors.

The R-ketoamide moiety was essential for the inhibitory

activity. When it is attacked by Ser139 of the NS3 protease,

it forms a stable, covalent, and reversible complex with the

enzyme. The time required for stable covalent adduct forma-

tion is on the order of minutes. To assess the potency of such

slowly equilibrating or “slow-binding” inhibitors accurately,

proteolytic reactions containing inhibitor are usually moni-

tored until equilibrium is evident using progress curve analy-

sis (Figure 3). In this continuous assay,17 the extent of

hydrolysis of chromogenic 4-phenylazophenyl (PAP) ester

from the peptide fragment Ac-DTEDVVP(Nva)-O-4-PAP was

spectrophotometrically determined. To underscore the slow-

binding nature of these molecules and distinguish them from

simple, instantaneous competitive inhibitors, the equilibrium

binding constant was usually designated Ki*,
18 although for

most purposes it could be considered equivalent to a tradi-

tional Ki.

Besides an enzymatic assay, a cell-based assay was also

essential for optimizing inhibitor potency. An HCV subgenomic

replicon system was developed by Bartenschlager and col-

leagues in 1999.10 The replicon cell-based assay has been

used extensively to evaluate the functional potency and sub-

sequent antiviral efficacy of HCV protease inhibitors. The HCV

replicon is essentially a defective (i.e., noninfectious) viral

genome in which the sequences encoding the structural pro-

teins at the 5′ end of the RNA have been replaced by a select-

able marker, the neomycin resistance gene (NeoR) (Figure 4).

The NeoR marker allows selection of cells harboring functional

replicons following transfection and antibiotic treatment. Rep-

licon constructs, including those developed to evaluate poten-

tial antiviral agents, use a bicistronic design where two

independent IRES elements are present. The HCV IRES

sequence drives expression of the neomycin resistance gene

to allow selection of replicon bearing cells and a second IRES

sequence from encephalomyocarditis virus (EMCV) initiates

translation of the RNA segment encoding HCV nonstructural

proteins from NS3 to NS5B.

Unlike a true HCV infection, cells bearing HCV replicons,

even full-length replicons expressing structural proteins, do not

generate progeny virions. At the time, the replicon system was

the only germane in vitro system for evaluating potential anti-

viral agents directed against the HCV nonstructural proteins

and, consequently, provided an essential and stringent sys-

tem for the evaluation of potent inhibitors of HCV protease.

The EC50 and EC90 values for suppression of the bicistronic

subgenomic replicon (genotype 1b) were obtained through a

72 h assay in HuH-7 cells. At 72 h, cells were lysed, and the

replicon RNA level was determined using real-time poly-

merase chain reaction (PCR) analysis (Taqman) that targeted

the NS5B portion of the viral genome. Changes in replicon

RNA level were compared to an internal control, cellular gly-

ceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA lev-

els, in a single-tube multiplex reaction. Dose-response curves

were generated and drug concentrations resulting in a 2-fold

or a 10-fold reduction in replicon RNA were estimated using

a grid search method to give EC50 and EC90 values.

FIGURE 2. Nucleophilic attack of the R-ketoamide by Ser139 led to
a covalent tetrahedron intermediate stabilized by residues His57
and Asp81.

FIGURE 3. Progress curve of peptide substrate hydrolysis by the
HCV protease domain showing the time-dependent inhibition.

FIGURE 4. Schematic representation of the RNA encoding the
bicistronic subgenomic HCV replicon.
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One of the key elements contributing to the potency of an

R-ketoamide is the electrophilic ketoamide functionality, which

forms a reversible covalent bond with serine 139 of the HCV

protease. However, the ketoamide motif could also be sus-

ceptible to attack by a variety of other nucleophiles present on

other proteins. Thus, to address the selectivity issue, inhibi-

tory activity against the human neutrophil elastase (HNE) was

measured as a gauge of selectivity (HNE/HCV) in the struc-

ture–activity-relationship (SAR) development. The active site of

HNE resembles closely the active site structure of HCV NS3

protease. Although the clinical relevance of this selectivity

parameter has not been demonstrated, it helped to serve as

a guide in designing selective inhibitors versus similar pro-

teases, thereby potentially minimizing side effects that could

surface in the clinic.

Our early work led to the discovery of undecapeptide R-

ketoamide inhibitors,15 which had structures with 11 amino

acid residues that spanned from P6 to P5′.19 One of the ear-

liest leads, compound 1 (Figure 5), exhibited excellent HCV

NS3 protease inhibition (Ki* ) 1.9 nM). It was a mixture of two

diasteromers at the epimerizable P1 R-center. However, with

a molecular weight of 1265 Da, it was not surprising that this

compound did not exhibit a desirable PK profile. Neverthe-

less, compound 1 and related analogs served as a starting

point for further SAR studies. Our research toward improving

the overall profile of these initial leads was greatly aided by

using X-ray structures of inhibitors bound to the HCV NS3 pro-

tease and continuous drug metabolism/pharmacokinetic

evaluation.

Truncation Effort. Starting from the lead compound 1, an

undecapeptide, a series of stepwise truncations at both the

prime and nonprime ends led to a pentapeptide inhibitor 2.20

The molecular weight was reduced to approximately half of

that of compound 1. A number of amino acids were also mod-

ified to optimize potency. Thus, P1 and P2 were replaced with

cyclopropylalanines, P3 was replaced with cyclohexylglycine,

and P2′ was substituted with phenylglycine. The compound

was capped as isobutyl carbamate at P3 and as carboxylic

acid at P2′. Inhibitor 2 was quite potent with a Ki* of 15 nM.

However, it was inactive in the cell-based HCV replicon assay

(EC90 > 5 µM), possibly due to the presence of the charged

carboxylic acid preventing it from getting into the cells.

Further optimization along the entire backbone was car-

ried out with the aid of X-ray crystal structures. The most

important discovery occurred at P2 position. The gem-dimeth-

ylcyclopropylproline was discovered to be a superior leucine

surrogate. The tert-butylglycine was found to be a good

replacement of cyclohexylglycine at P3. The capping groups

at both ends were also changed to tert-butyl carbamate for P3

and dimethylamide for P2′ , respectively. The latter would

address the cell penetration issue of compound 2. Indeed, as

a result of all these optimizations, compound 321 demon-

strated a dramatic improvement over compound 2, with good

binding affinity (Ki* ) 5 nM) and replicon activity (EC90 ) 0.1

µM). Shown in the X-ray structure of 3 bound to the protease

(Figure 6), the improvement in binding potency was a result

of favorable interaction of the P2 gem-dimethylcyclopropyl-

proline moiety with the methyl side chain of Ala156. The

cyclopropylmethyl side chain of P1 and the phenyl group of

P2′ formed a “C”-shaped clamp around the side chain of

FIGURE 5. From undecapeptide to pentapeptide HCV NS3 protease
inhibitors.
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Lys136. However, the molecular weight (725 Da) of 3 was still

larger than that of a typical drug candidate, which, prefera-

bly, should be less than 500 Da.22 Thus, it was not unex-

pected that this translated to a poor PK profile in rats and

monkeys. Generally, an oral area-under-curve (po AUC) of

greater than 1.0 µM · h and bioavailability of at least 10% are

desired. In rats, compound 3 had a po AUC of 0.35 µM · h at

10 mg/kg and a bioavailability of 4%, while in monkeys the

AUC was 0.03 µM · h at 3 mg/kg and bioavailability was 1%.

Clearly, further reduction in the molecular weight of the inhib-

itors was necessary to achieve desirable PK properties.

Due to the importance of the remaining residues at non-

prime side, we focused our additional truncation efforts on the

prime side. First, the P2′ phenylglycine residue was removed

with modest loss of potency. The P1′ glycine was replaced by

simple alkyl groups such as methyl, ethyl, or allyl. Unfortu-

nately, all secondary and tertiary P1 ketoamides were signif-

icantly less potent than compound 3. However, it was

discovered that the nonsubstituted primary ketoamides had

the best potency in both enzyme and replicon assays. The rep-

resentative inhibitor after this round of SAR development was

compound 4 (Figure 5). It had a Ki* of 25 nM, and a replicon

EC90 of 0.40 µM. Although both values were higher than

those of analog 3, the molecular weight was significantly

lower and fell within the preferred range for a developable

candidate.

Depeptization Studies. It is difficult to aquire desirable

pharmacokinetic properties from large peptides because they

are susceptible to hydrolysis by various peptidases. Thus, sub-

stantial efforts were devoted to depeptizing the lead mole-

cules. Shown in Figure 7 are several examples of that effort.

First, replacement of P2 amino acid residue with an aza motif

was executed. Thus, in compound 5,18 the cyclopropylala-

nine P2 was replaced with a substituted hydrazine urea moi-

ety. Unfortunately, that resulted in a significant loss in binding

affinity (Ki* ) 230 nM) and a total loss of potency in replicon

assay (EC90 > 5 µM).

Efforts were also made to improve potency and PK pro-

files through macrocyclization of P2 and P3 residues, result-

ing in macrocyclic inhibitors of type 623 (Figure 7). A

phenylacetamide capping from P3 was linked to C-4 of P2

proline through a tert-alkyl ether linkage. The 16-membered

macrocyclic ring formed a donut-shaped circle over the methyl

group of Ala156 as evidenced by X-ray crystallography. The

inhibitor had excellent Ki* of 6 nM and was moderately active

in the cell-based assay (EC90 ) 0.90 µM). However, it had an

oral AUC of only 0.46 µM · h at 10 mg/kg in rats with a low

bioavailability of 2.2%. Similarly sized compounds with modi-

ficaftions along the macrocyclic ring gave equally poor PK

results. When truncated at the prime side, smaller macrocy-

clic inhibitors did not have the desired level of potency in rep-

licon assay.

On the other hand, macrocyclization from P1 to P3 resi-

dues through a 16-membered ring provided novel inhibitors

such as 7.24 With these analogs, we were able to incorpo-

FIGURE 6. X-ray structure of inhibitor 3 bound to the HCV
protease.

FIGURE 7. Efforts toward depeptization of HCV protease inhibitors.
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rate the dimethylcyclopropyl-proline at P2. Compound 7 was

a single diastereomer with a nonepimerizable P1 R-center. It

had a respectable Ki* of 30 nM, and a good replicon EC90 of

0.60 µM. However, as in the other cases described above, fur-

ther exploration of this series of inhibitors did not provide an

improved PK profile.

In summary, the depeptization exercises carried out nei-

ther resulted in significant improvement in potency nor pro-

vided measurable enhancement in PK properties in these HCV

protease inhibitors.

Discovery of Boceprevir (8)
Extensive SAR investigation at the P1, P3, and P3-capping

positions from the lead primary ketoamide 4 was continued.

The dimethylcyclopropylproline moiety at P2 was established

to be optimal and was retained in all subsequent analogs. Sys-

tematic variation in chain length and ring size on the P1 side

chain led to the discovery of cyclobutylalanine as the opti-

mal choice. Rings with other sizes, such as cyclopentyl or

cyclohexyl, were found to be too large for the S1 pocket. A

large effort was also spent on exploring many P3 capping

groups. Various substituents extending from the P3 amino

group were examined; these included alkyls, aryls, amides,

carbamates, ureas, sulfonamides, and sulfonyl ureas. It was

discovered that the urea type of P3 capping gave the best

overall profile. Ultimately, the combination of various opti-

mized moieties led to the discovery of boceprevir (8, SCH

503034, Figure 8),15 which was selected for drug safety stud-

ies and potential development in clinical trials.

The R-center of the P1 residue of 8 was racemic. The two

diastereomeric compounds could be separated by HPLC. How-

ever, when either pure isomer was treated with an organic or

inorganic base (e.g., triethyl amine or lithium hydroxide), they

underwent rapid isomerization. Fast equilibration was also

demonstrated under the conditions of biological assays. This

alleviated any need for separation of the two entities for phar-

macological evaluations. The ratio of the two isomers varied

significantly depending on the experimental conditions. The

isomer with an (S)-configuration at the P1 R-center was the

major isomer in most cases.

Compound 8 had an optimal overall profile. In the HCV

NS3 protease continuous assay, it had a potency of 14 nM

(Ki*) averaged over a large number of runs. In the 72-h bicis-

tronic subgenomic cell-based replicon assay in HuH-7 cells, the

EC50 and EC90 values were determined to be 0.20 µM and

0.35 µM, respectively (Figure 9). Inhibitor 8 was also found to

be a very weak inhibitor of HNE (Ki ) 26 µM) representing a

selectivity of 2200. Additionally, the reactivity of 8 toward a

panel of other serine proteases was measured, and 8 showed

no cross-reactivity when tested up to 50 µM with trypsin, chy-

motrypsin, thrombin, and factor Xa. The cross-reactivity

against a broad panel of other general enzymes was also eval-

uated, and no major issues were identified. All these studies

indicated that compound 8 was highly selective toward the

HCV serine protease.

The pharmacokinetic profile of 8 was evaluated in several

animal species. Following oral administration, it was moder-

ately absorbed in rats, dogs, and monkeys. Absorption was rel-

atively rapid in dogs but slower in mice, rats, and monkeys,

as evidenced by mean absorption times (MAT) ranging from

0.5 to 1.4 h (Table 1). The AUC was good in dogs and rats,

moderate in mouse, and low in monkeys. The absolute oral

bioavailability was modest in mouse, rats, and dogs

(26–34%) but low in monkeys (4%). There was no issue with

CYP 2D6, 2C9, 2C19, and 3A4 inhibition, either co- or prein-

cubated. Target organ analysis in rats revealed that 8 was

FIGURE 8. HCV protease inhibitor 8.

FIGURE 9. Effect of 8 on HuH-7 cells bearing the subgenomic HCV
replicon. RNA level was measured relative to an internal control
(∆Ct). Increase in ∆Ct indicated decreasing replicon RNA levels;
each ∆Ct reflects a 2-fold change in RNA level from baseline.

Challenges in Modern Drug Discovery Njoroge et al.

56 ACCOUNTS OF CHEMICAL RESEARCH 50-59 January 2008 Vol. 41, No. 1



highly concentrated in liver with a remarkable liver/plasma

concentration ratio of approximately 30.

The X-ray structure of compound 8 bound to NS3 protease

was solved and is shown in Figure 10. It was clear that the

diastereomer with an (S)-configuration at the P1 R-center was

the active inhibitor. The cyclobutylalanine moiety effectively

occupied most of the space available at the S1 pocket. This

group was largely responsible for the excellent selectivity

observed with 8 versus human neutrophil elastase, which has

a much smaller S1 pocket. The P2 dimethylcyclopropylpro-

line residue adopted a bent conformation that allowed max-

imum overlap of the moiety with Ala156 of the enzyme. The

exo-methyl on the cyclopropane ring had favorable interac-

tion with imidazole of His57, and the endo-methyl had con-

tact with Ala156 and Arg155. The side chain of P3 tert-
butylglycine occupied the S3 pocket, providing good

hydrophobic interaction with the enzyme. The tert-butyl group

of the P3 urea capping group had good contact in the S4

pocket, presumably also through a pure hydrophobic interac-

tion. The ketoamide was reversibly trapped by Ser139 to form

a covalent bond and at the same time donated a hydrogen

bond to the protein backbone. In addition to van der Waals

contacts, 8 formed a series of specific hydrogen bonds with

the protein backbone, which involved P1-NH, P3-carbonyl, and

both urea NH’s. Combination of a number of hydrophobic

interactions and the array of hydrogen bonds contributed

greatly to the binding potency and the selectivity of 8.

In summary, we discovered boceprevir (8) as a novel,

potent, highly selective, orally bioavailable HCV NS3 protease

inhibitor. It has been advanced to clinical trials in human

beings for the treatment of hepatitis C viral infections. It was

well tolerated and demonstrated antiviral activity in phase I

clinical trials and is currently in phase II.

Summary and Outlook
The pursuit of a potent and orally bioavailable HCV NS3 pro-

tease inhibitor as a drug candidate for the treatment of hep-

atitis C has been a difficult task. The shallow and featureless

nature of the enzyme’s active site presented a significant chal-

lenge for the discovery of enzyme inhibitors. Without any via-

ble leads, a structure-based drug design approach guided by

X-ray crystal structures of the enzyme was pursued. System-

atic truncations and depeptidizations on both prime and non-

prime sites gave rise to smaller pentapeptides that were potent

inhibitors, but did not possess the desirable pharmacokinetic

properties. Modifications on the prime side resulted in the dis-

covery of the primary R-ketoamide moiety, which gave excel-

lent potency. Further SAR optimization identified P1

cyclobutylalanine, P2 dimethylcyclopropylproline, P3 tert-
butylglycine, and tert-butyl urea capping group as the best

combination, which led to the discovery of boceprevir (8). It

had an in vitro potency of 14 nM (Ki*) and cell-based repli-

con assay potency of 350 nM (EC90). Compound 8 demon-

strated good oral bioavailabilities in rats and dogs and was

found to be highly concentrated in the liver.

Across the pharmaceutical industry, several novel drug can-

didates have entered or will soon enter clinical evaluation to

establish their clinical effectiveness for HCV patients. Aside

from the safety and efficacy requirements common to all new

drugs, the success of HCV-targeted agents will be heavily influ-

enced by their ability to inhibit all viral variants and prevent

the emergence of escape mutants. As is the case for HIV, com-

binations of several antiviral agents attacking different tar-

gets along the viral life cycle and, perhaps, the hosts

themselves will certainly be required to control infection and

prevent the emergence of drug-resistant viral variants.

The authors wish to thank the many contributors whose efforts

resulted in the successful outcome of this project. Especially

noteworthy is the successful collaborative efforts of scientists in

the Medicinal Chemistry (SPRI and Corvas), Structural Chemis-

try, Virology, and Drug Metabolism departments.

TABLE 1. Mean (n ) 3) Pharmacokinetic Parameters of 8 Following
Oral Dosing

species mouse rat dog monkey

dose (mg/kg) 10 10 3 3
AUC (po, µM · h) 0.93 1.5 3.1 0.12
bioavailability (%) 34 26 30 4
MAT (h) 1.2 1.4 0.5 1.4
Cmax (µM) 2.3 0.66 2.3 0.09

FIGURE 10. X-ray structure of inhibitor 8 bound to the HCV
protease.
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