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SUMMARY. Several new direct-acting antiviral (DAA) drugs

are in development for chronic hepatitis C viral (HCV)

infection, and NS3-NS4A serine protease and the NS5B

RNA-dependent RNA polymerase have been the major tar-

gets. HCV variants displaying drug-resistant phenotypes

have been observed both in vitro and during clinical trials.

Our aim was to characterize amino acid changes at posi-

tions previously associated with resistance in protease

(NS3) and polymerase (NS5B) regions from treatment-

na€ıve HCV patients infected with genotypes 1a, 1b and 3a.

All 1383 NS3 protease sequences (genotype 1a = 680,

1b = 498 and 3a = 205) and 806 NS5B polymerase

sequences (genotypes 1a = 471, 1b = 329, 3a = 6) were

collected from Los Alamos databank. Genotype 3a protease

sequences showed the typical low-level resistance mutation

V36L. NS3 sequences from other genotypes presented

mutations on positions 36, 39, 41, 43, 54, 80, 109, 155

and 168 in a frequency lower than 2%, except for the

mutation Q80R found in 35% of genotype 1a isolates.

Polymerase sequences from genotype 3a patients showed

five typical mutations: L419I, I424V, I482L, V499A and

S556G. Two positions presented high polymorphism in the

NS5B region from genotype 1a (V499A) and genotype 1b

(C316N) subjects. Our results demonstrated a natural pro-

file of genotype 3a that can be associated with the pre-exis-

tence of HCV variants resistant to first-generation protease

inhibitors and to non-nucleoside polymerase inhibitors.

Likewise, genotype 1b isolates and genotype 1a sequences

exhibited pre-existing mutations associated with resistance

to Palm II and Thumb I polymerase inhibitors, respec-

tively.

Keywords: direct-acting antiviral agents, hepatitis C virus,

polymerase, protease, resistance mutations.

INTRODUCTION

Approximately, 3% of the worldwide population is

infected by the hepatitis C virus (HCV), making this dis-

ease a major public health issue [1]. The combination of

peginterferon plus ribavirin for the treatment of chronic

HCV infection induces a sustained virological response

(SVR) of 40–50% in patients with genotype 1 infection

and about 80% in those with genotypes 2 and 3 [2–5].

For genotype 1 infection, SVR with this regimen is far

from ideal. Aiming at better SVR rates, improved tolera-

bility and shorter treatment duration, new compounds

have been developed, which specifically target key regions

of the HCV genome, known as Direct-Acting Antiviral

agents (DAAs) [6]. The RNA-dependent polymerase pro-

tein (NS5B), responsible for viral genome replication, the

serine-protease protein (NS3), with protease and RNA

helicase activities and the NS5A, which still has

unknown functions, are the most promising targets [7,8].

Two protease inhibitors, telaprevir and boceprevir were

recently approved for the treatment of genotype 1

chronic HCV infection [9–12]. Other protease inhibitors,

such as BI201335 and TMC-435, and the polymerase

inhibitors mericitabine (RG7128) and filibuvir have

shown promising results in recent clinical trials [13–17].

The HCV shows a high mutation rate and is classified

into genotypes [1–7], with diverse subtypes (1a, 1b, 2a,

3a…) [18,19]. As mentioned before, HCV response to
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response.
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peginterferon plus ribavirin combination therapy is geno-

type-dependent [20]. The selection of resistant variants is a

major drawback in the development of new DAAs. Drug-

resistant phenotypes have been observed both in vitro and

during clinical trials [21,22]. The NS3 protein demon-

strated positions of high resistance for all first-generation

protease inhibitors like R155, A156 [23] and several other

positions conferring low-level resistance [24,25]. Further-

more, the polymerase protein has four allosteric domains

and one active site. Although each type of drug acts on a

specific region, mutations at one single domain or active

site may affect all drug interactions on the entire protein.

The resistance mechanisms to polymerase inhibitors are

not fully understood and the relationship between the

number of resistant variants and the resistance phenotypes

still remains unknown [26].

The use of deep sequencing analysis reveals the mas-

sive genetic heterogeneity of HCV within the host, allow-

ing for parallel amplification and detection of sequences

of a huge number of individual molecules (hundreds of

thousands) [27]. Nevertheless, deep sequencing technique

does not provide detailed information about the minimal

amount of mutant variants necessary to cause treatment

failure in vivo, making it impossible to draw any firm con-

clusion about viral dynamics during the selection of resis-

tant variants [28]. The amount of Sanger information

available on public’s databanks needs to be accessed to

distinguish genotypes genomic characteristics and to

relate them to resistant phenotypes. As the variability of

resistant mutations across HCV genotypes and subtypes is

still a matter of debate, the objective of this in silico anal-

ysis was to evaluate the occurrence of resistant mutations

to protease and polymerase inhibitors in treatment-na€ıve

HCV sequences deposited in the Los Alamos databank.

METHODS

HCV database

The sequences were collected from Los Alamos public da-

tabank (http://hcv.lanl.gov/content/hcv-db/index). The

search was performed for full-length NS3 protease and

NS5B polymerase sequences of HCV separated by geno-

types 1a, 1b and 3a. These subtypes were chosen due to

their worldwide prevalence and presence in Inhibitors

trials, specifically genotype 1 with Protease Inhibitors

and genotype 3 with Polymerase Inhibitors. Reference

strains for the three genotypes were obtained from

the European HCV database [29] (1a:AF009606, 1b:

D90208 and 3a:D17763). Sequences that presented

missing data, such as gaps and sequencing errors, and

sequences from patients previously treated with DDAs

were excluded from the data set. The accession numbers

of the collected sequences are provided as supplementary

material (Data S1 and S2).

Alignment and edition of the sequences

The sequences alignment was performed with ClustalX 2.0

[30]. The BioEdit 7.0.5.3 [31] software was used for edit-

ing, excluding sequences with missing data and translating

nucleic acids sequences into amino acids. The resulting

protein sequences were analysed using the program MEGA

5.0 [32] for mutations associated with resistance [8, 22,

33–37].

Entropy analysis and natural polymorphism

The entropy plot was generated with Shannon entropy

method per amino acid position in all sequences with the

BioEdit software. Values of entropy higher than 0.2, value

already established in the literature for epitope search were

considered significant [38]. The VESPA [39] software was

used to identify particular mutations and patterns from dif-

ferent genotypes. The typical mutation analysis was per-

formed using HCV genotype 1a sequences as background

sequences for comparisons with genotype 1b and 3a

sequences. The threshold value of 1.0 was used to deter-

mine a distinctive mutation. The genotype reference

sequence was used to obtain a matrix of frequency for

amino acid substitutions. Known mutations associated

with protease and polymerase inhibitors resistance were

used to search for polymorphism patterns between HCV

genotypes [21,40,41].

RESULTS

Database Search

A search in the Los Alamos databank resulted in 1794 full

NS3 sequences from HCV genotypes 1a, 1b and 3a. After

the exclusion of sequences with missing data and those

from patients previously treated with DDAs, 1383

sequences were included in the data set, being 680 from

genotype 1a, 498 from genotype 1b and 205 from geno-

type 3a. From the same databank, 896 HCV polymerase

sequences from genotypes 1a, 1b and 3a were identified.

After excluding the sequences with errors and/or gaps,

806 sequences were selected, 471 from genotype 1a, 329

from genotype 1b and 6 from genotype 3a.

Entropy analyses

The entropy values showed in Tables 1 and 2 reveals the

information diversity at amino acid positions. As

expected, the entropy values in most NS3 resistance posi-

tions were below 0.1 (Table 1). The resistance-associated

positions with high entropy levels (>0.2) in the NS3 pro-

tease domain were the positions 16, 36, 80, 168 and

170. The entropy analysis of NS5B HCV polymerase resis-

tance-associated positions identified five positions with

significant entropy levels from genotypes 1a, 1b and 3a

© 2013 John Wiley & Sons Ltd
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(Table 2). The position 316, located in the Palm II

region, presented an entropy level of 0.4. Two positions

in the Thumb II, 424 and 426, showed entropy levels of

0.21 and 0.24, respectively. The position 556 of the

Palm I exhibited a similar level of entropy (0.24) and the

higher entropy level was identified in the position 499

(0.78). Resistance-associated positions with high entropy

levels were observed in all allosteric regions, except for

the active site (Table 2).

Mutation analyses

Mutation analyses were performed at the resistance-asso-

ciated positions for mutations already described in the lit-

erature. No mutation associated to resistance was

observed in genotype 1a and 1b at typical resistance posi-

tions (mutations appearing in 100% of the sequences).

When genotype 3a was compared to genotype 1a, two

amino acid changes are observed in 100% (threshold of

1.0) of the sequences, the C16T and the V36L. Unlike

the C16T, described as a natural polymorphism, the

V36L shows a low-level resistance to first-generation pro-

tease inhibitors.

Polymerase comparisons demonstrated that all genotype

3a mutations were characterized as typical resistance

mutations (L419I, I424V, I482L V499A and S556G). The

genotype 1a showed a natural polymorphism at active site

position S96N which was not related to resistance, when

compared to the wild type.

Frequency of resistance-associated variants

Except for the V36L resistance-associated variant (RAV),

identified in all genotype 3a sequences, and the variant

Q80K in genotype 1a, no others RAVs were observed

with frequencies higher than 2%. The Q80K variant was

the most prevalent mutation of subtype 1a, present in

36% of the sequences. However, this RAV was identified

in only 0.20% of genotype 1b sequences and was absent

among 3a subtype sequences. Excluding the position 80

of HCV NS3 protease, genotypes 1a and 1b showed simi-

lar number of single amino acids substitutions at resis-

tance positions, being 26 of 680 sequences in genotype

1a mutated and 18 of 498 in genotype 1b. No sequences

in genotype 1b showed coexisting mutations. The most

prevalent mutations in 1b genotype were T54S and

V36L, both on five sequences (frequency of 1%). Both

mutations was described as interfering at catalytic triad

and with protease binding site [34].

The resistance mutations shared by genotypes 1a and

3a were the R155K (in six sequences from genotype 1a

[0.88%] and in one sequence from genotype 3a [0.48%]),

and the RAV R155G (in one sequence from genotype 1a

[0.14%] and one sequence from genotype 3a [0.48%]).

The genotype 1b presented one sequence with the muta-

tion R155T (0.2%). The RAV A156T appeared only in one

genotype 3a sequence (Table 3).

No concomitant mutations were found in genotypes

1b protease sequences. The V36L mutation showed

100% frequency in genotype 3, suggesting that all

Table 1 Entropy values for resistance-associated positions

on the HCV NS3 protease protein from genotypes 1a, 1b

and 3a

Amino acid position Entropy value

16 0.44617*

36 0.46388*

41 0.04798

43 0.01170

54 0.05564

80 0.7685*

109 0.01656

138 0.00585

155 0.05853

156 0.00585

168 0.46136*

170 0.59582*

*Significant entropy values (>0.2).

Table 2 Entropy values for resistance-associated positions

on the HCV polymerase NS5B protein from genotypes 1a,

1b and 3a

Position

Entropy

value

Allosteric

domain

95 0.01900 Palm I

96 0.00000 Active Site

142 0.17974 Active Site

282 0.01900 Active Site

316 0.44523* Palm II

365 0.00000 Palm I

368 0.00950 Palm I

414 0.01900 Palm I

419 0.06105 Thumb II

423 0.08219 Thumb II

424 0.21456* Thumb II

426 0.24938* Thumb II

448 0.00000 Palm I

482 0.05543 Thumb II

494 0.04705 Thumb II

495 0.00000 Thumb I

496 0.00000 Thumb I

499 0.78593* Thumb I

554 0.00000 Palm I

556 0.24236* Palm I

559 0.00950 Palm I

*Significant entropy values (>0.2).

© 2013 John Wiley & Sons Ltd
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other mutations were concomitant in this genotype.

The genotype 1 showed Q80K mutation with 36% fre-

quency, associated with 4% frequency concomitant

mutations (V36M, V36L, A39V, T54S, R155K and

R155G).

Two positions showed high polymorphism in genotype

1 polymerase sequences: V499A in genotype 1a and

C316N in genotype 1b (Table 4). The mutation C316N,

present in 36% of genotype 1b NS5B sequences, is less

prevalent than the RAV V499A in genotype 1a, observed

in 97% of the sequences. Only one sequence from the

genotype 1b (0.3%) presented the RAV N142T, a muta-

tion interfering at the active site of the HCV polymerase

NS5B.

All genotype 3a sequences presented mutations at posi-

tions L419I, I424V, I482L V499A and S556G, located in

the HCV polymerase NS5B regions Thumb II, Thumb I

and Palm I all characterized as concomitant mutations

(Table 4). The mutations I424V, M426T, I482L and

S556G in genotype 1a were concomitant with V499A

mutation (96% frequency). In genotype 1b, 26% of 36%

C316N mutated strains showed concomitant mutations

(I424V, I482L S556G and V499A).

DISCUSSION

The resistance to direct antiviral therapy has been a major

problem in other chronic viral infections, such as HIV

[42]. Unlike the standard HCV treatment with interferon

plus ribavirin, on which nonresponse mechanisms are not

fully understood, the resistance to the DAA’s is explained

by the selection of variants with mutations on specific posi-

tions of drug–target interaction that precludes its usage as

single agents for the treatment of HCV infection. Data from

both replicon analysis and from clinical trials have consis-

tently identified viral mutations that can be associated with

antiviral treatment failure [22]. Our results provide addi-

tional information on the natural frequency of RAVs in

HCV genotypes 1 and 3 sequences.

In the present study, the resistance profile generated by

using all protease and polymerase HCV sequences from the

Los Alamos databank raises several questions on drug

resistance associated with HCV genotype 3 infection.

Recently, natural polymorphism mapping using NS3 pro-

tein sequences has been performed to identify natural resis-

tance mutations including genetic barriers studies [43,44].

In one of these studies, as observed in genotype 1 infection,

Table 3 Amino acid frequency in the HCV NS3 protease resistance-associated positions from genotypes 1a, 1b and 3a

Position

Reference

strain 1a*
Reference

strain 1b†
Reference

strain 3a‡
Resistance

mutation 1a (n = 680) 1b (n = 498)

3a

(n = 205)

16 C C T S C(677)

S(2) R(1)

C(496) S(1) T(1) T(205)

36 V L L A/M/L/G V(671) L(6) M(3) V(491) L(5) I(1) A(1) L(205)

39 A A A V A(677) V(1) T(2) A(496) S(1) T(1) A(182)

T(23)

41 Q Q Q R Q(674) H(6) Q(493) H(4) R(1) Q(205)

43 F F F S/C F (679) S(1) F(498) F(204)

L(1)

54 T T T A/S T (671) S(9) T(493) S(5) T(205)

80 Q Q Q K Q(428) K(249)

L(5)G(1)

H(1)M(1)

N(2)R(3)

Q(475)

K(1)L(30)

R(2)

Q(205)

109 R R R K R (679) G(1) R(496) G(1) K(1) R(205)

138 S S S T S (680) S(497) F(1) S(205)

155 R R R K/T/I/M/G/L/S/K/T/Q R(673)

G(1)K(6)

R(495)

P(2)T(1)

R(203)

K(1)G(1)

156 A A A S/T/V/I A(680) A(498) A(204)

T(1)

168 D D Q A/V/E D(677)

E(2)G(1)

D(494)

E(4)

Q(204)

R(1)

170 I I I A I(660)V(20) I(156)T(1) V(341) I(183)

V(22)

Amino acids in bold are associated with resistance to protease inhibitors. *Reference strain for genotype 1a H77

(AF009606). †Reference strain for genotype 1b HPCJCG (D90208). ‡Reference strain for genotype 3a HPCEGS (D17763).
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a low frequency of natural resistance-associated mutations

was identified in genotype 3 patients. However, a small set

of genotype 3 sequences was used in that study, which

hinders accurate analysis on the occurrence of natural

mutations in this genotype and limits our ability to draw

any firm conclusions on the subject. [43]. The low efficacy

of protease inhibitors in genotype 3 patients and the pres-

ence of resistance mutations and other polymorphisms in

multiple sites bring concern to the future of genotype 3

treatment with DAA’s.

Our results demonstrated a low frequency of natural

resistance-associated mutations in NS3 genotype 1 protein

from all HCV sequences from Los Alamos. The most preva-

lent resistance-associated mutation in genotype 1 in our

data was T54S (14, 1.1%), usually related to moderate

resistance profile both in vitro and in vivo. However, the

identification of mutations such as R155K in genotype 1

sequences in our study, although not frequent, raises

concerns on the occurrence of natural mutations usually

associated with high resistance profile in clinical trials. The

NS3 protease mutations at positions 155 and 156 were

associated with resistance to protease inhibitors and also to

changes on CD8 epitope recognition by the immune sys-

tem, leading to enhancement of viral replication [45,46].

The mutation V36L is associated with low-level drug

resistance in genotype 1 was found in low frequency in

our study. The amino acid leucine is naturally observed in

genotype 3a protein sequences and was found in 100% of

our patients, in accordance with other studies in the litera-

ture [34,44]. In previous studies, this mutation alone was

not associated with resistance to protease inhibitor in

genotype 3 patients [47].

The D168Q variant was found in 99.5% of Los Alamos

genotype 3a sequences in our study. In previous studies

using BILN-2061 protease inhibitor in genotype 3, it was

demonstrated that D168Q could account for the reduced

Table 4 Amino acid frequency in the HCV polymerase NS5B resistance-associated positions from genotypes 1a, 1b and 3a

Target Position

Reference

strain 1a*
Reference

strain 1b†
Reference

strain 3a‡
Resistance

mutation 1a (n = 471) 1b (n = 329)

3a

(n = 6)

Active

Site

96 S S S T N(471) S(329) S(6)

142 N N N T N(471) N(295)

S(33) T(1)

N(6)

282 S S S T G(1) R(1)

S(469)

S(329) S(6)

Thumb I 495 P P P L/A/T P(471) P(329) P(6)

496 P P P S/A P(471) P(329) P(6)

499 A V A A A(456)

T(11) V(4)

A(33) I(1)

V(281) T(14)

A(6)

Thumb II 419 L L I M/I L(471) L(326) I(3) I(6)

423 M M M T A(1) M(460)

V(2) I(8)

M(329) M(6)

424 I I V V I(459) V(12) I(302) V(27) V(6)

426 M M M T M(432)

A(1) F(1)

I(1) L(35 T(1)

A(1) L(7) M(321) M(6)

482 I I L L I(470) L(1) I (328) L(1) L(6)

494 V V C A V(471) V(329) I(1) C(5)

Palm I 95 H H H Q H(470) R(1) H (328)L (1) H(6)

365 S S S T S(471) S(329) S(6)

368 S S S A S(471) P(1) S(328) S(6)

414 M M M L/T/Q/I M(470) V(1) M(328) I(1) M(6)

448 Y Y Y H Y(471) Y(329) Y(6)

554 G G G D G(471) G(329) G(6)

556 S N G G S(468)

G(2) N(1)

D(2) G(27)

N(5) S(295)

G(6)

559 D D D G D(471) D (328) N (1) D(6)

Palm II 316 C N C Y/N/F C(471) C(207) N(119)

R(1) S(1) Y(1)

C(6)

Amino acids in bold are associated with resistance to the polymerase inhibitors. *Reference strain for genotype 1a H77

(AF009606). †Reference strain for genotype 1b HPCJCG (D90208). ‡Reference strain for genotype 3a HPCEGS (D17763).
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sensitivity to the drug in this genotype [47]. Despite show-

ing potent inhibition of HCV replication in nongenotype 1

infection, the BILN-2061 development was discontinued

for presenting high cardiotoxicity risk in mouse [48]. A

great number of resistance analyses after treatment with

protease inhibitors on replicons and humans with HCV

genotype 1 infection have not described the appearance of

D168Q mutation, only reporting different amino acid

changes as D168A, D168V or D168E in resistant particles.

[23,49].

An interaction between V36L and D168Q, acting as

compensatory mutations, can promote a higher viral

fitness, allowing the virus to escape immune response

and antiviral therapy. However, the lack of data from

sequences containing both mutations in genotype 1

infection prevents further conclusions.

Another variant found in 100% of genotype 3 sequences,

C16T, has not been correlated with any resistance so far. It

was described as a resistance mutation when the amino acid

Cysteine is mutated to Serine (C16S) [50].

A major concern derived from our study was the identifi-

cation of the RAV Q80K in a high prevalence among

genotype 1a sequences. This amino acid substitution only

causes resistance to second-generation protease inhibitors,

like the TMC435 and her fitness profile and EC50 have

already been described [51]. Unlike the mutation V36L in

genotype 3a sequences, which is a minor resistance muta-

tion found in a genotype that is not receiving most of the

new DAAs, the high prevalence of the Q80K mutation in

sequences from na€ıve subtype 1a patients is worrisome

and can limit anti-HCV therapy options in the near future.

Interestingly, another work demonstrated that, despite the

difference on the codon composition of Q80 position

between subtypes 1a and 1b, the genetic barrier to achieve

resistance on both subtypes is equal (one transversion

mutation leads to Q80K mutation) [44].

Due to its complex characteristic, the HCV polymerase

NS5B presents many molecular targets for drug development,

being an alternative for patients who do not respond or who

develop resistance to protease inhibitors. Moreover, the com-

bination of the two classes of DAA′s is currently being tested

to minimize resistance and improve efficacy [52].

The profile of resistance-associated natural mutations

allows few insights intotherapy success. The genome differ-

ences between HCV genotypes can achieve up to 20% even

in highly conserved proteins. Resistance tests have already

demonstrated that single amino acid changes can generate

full resistant variants. For example, V499A polymorphism

in genotype 1a, which is associated with lower polymerase

activity at the Thumb I site, was found in 97% of the strains

in our data set. The C316N variant (Palm II resistance-asso-

ciated mutation) was present in 36% of subtype 1b

sequences and was not found in subtype 1a. In both sub-

types, the total RAVs frequency was below 10%, probably

justified by the low diversity rate of polymerase allosteric

regions. Only one genotype 1b sequence exhibited a resistant

variant (N142T) on the active site region, which can also be

explained by the conserved characteristics of the region.

These results suggest a possible less inhibitory effect of

Thumb I drugs in HCV subtype 1a and of Palm II drugs on

subtype 1b virus. Despite genotype 3 showed 100% resis-

tance mutation frequency in five positions (V499A, L419I,

I424V, I482L and S556G), the sample number is too low

(six sequences) to perform relevant conclusions.

Previous studies with HCV and HIV comparing both resis-

tant and wild-type strains have shown a reduction in viral

fitness due to selection of RAVs. Despite its low fitness, the

resistant variants eventually enhance replication capacity

and progressively become the dominant variants when

selective pressure persists with antiviral therapy. This low

fitness, typical of resistant strains, turns the detection of

RAVs more difficult in the na€ıve population. Nonetheless,

despite the usual low frequency of mutations, as observed in

our data (around 1%), this resistant population would prob-

ably be able to increase and maintain infection in patients

under therapy with DAAs. Another concern raised by our

work is the necessity of correct subtype assays to determine

what is the best treatment option for each patient, because

others works are demonstrating that several methodologies,

like INNO-LiPA or other’s methodologies non-NS3 targets,

do not distinguish accurately subtypes as 1a and 1b. This

information is crucial to therapy choice [53].

With the new deep-sequences techniques, the low-fre-

quency HCV quasispecies will be characterized and improv-

ing viral dynamics understanding during the treatment.

However, true role of these populations in the DAA’s resis-

tance still unknown, even with this amount of data.

Further analysis still needed to highlight these questions.

The abundance of information deposited in databank’s

sequences allows the identification of yet unknown poly-

morphisms in populations not submitted to new HCV treat-

ments. The mapping of resistance-associated mutations in

the Los Alamos databank from DAA’s na€ıve population,

accomplished in this work, reemphasizes the concept that

the future of treatment with protease/polymerase inhibitors

should be based on the association of different classes of

drugs for specific genotypes. Moreover, the mechanisms of

resistance of HCV genotype 3 to treatment with protease

inhibitors needs to be further studied in order to reconcile

the natural occurrence of RAVs with the high prevalence

of polymorphisms in this genotype.
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