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Therapy of chronic hepatitis B virus (HBV) infection with the polymerase inhibitor lamivudine frequently is
associated with the emergence of viral resistance. Genotypic changes in the YMDD motif (reverse transcriptase
[rt] mutations rtM204V/I) conferred resistance to lamivudine as well as reducing the in vitro replication
efficiency of HBV. A second mutation, rtL180M, was previously reported to partially restore replication fitness
as well as to augment drug resistance in vitro. Here we report the functional characterization of a third
polymerase mutation (rtV173L) associated with resistance to lamivudine and famciclovir. rtV173L was ob-
served at baseline in 9 to 22% of patients who entered clinical trials of adefovir dipivoxil for the treatment of
lamivudine-resistant HBV. In these patients, rtV173L was invariably found as a third mutation in conjunction
with rtL180M and rtM204V. In vitro analyses indicated that rtV173L did not alter the sensitivity of wild-type
or lamivudine-resistant HBV to lamivudine, penciclovir, or adefovir but instead enhanced viral replication
efficiency. A molecular model of HBV polymerase indicated that residue rtV173 is located beneath the template
strand of HBV nucleic acid near the active site of the reverse transcriptase. Substitution of leucine for valine
at this residue may enhance polymerization either by repositioning the template strand of nucleic acid or by
affecting other residues involved in the polymerization reaction. Together, these results suggest that rtV173L
is a compensatory mutation that is selected in lamivudine-resistant patients due to an enhanced replication
phenotype.

Until the recent approval of adefovir dipivoxil, lamivudine (a
dideoxycytidine analog in the unnatural L configuration) was
the only approved oral therapy for the treatment of chronic
hepatitis B. Antiviral therapy for chronic hepatitis B with fam-
ciclovir and lamivudine has been limited by the emergence of
viral resistance in significant proportions of patients. Although
lamivudine therapy results in potent reductions in viremia,
relapse is common, as resistant viruses emerge in approxi-
mately 24% of patients after 1 year of therapy and 70% after
4 years of therapy (20). Sequencing of hepatitis B virus (HBV)
isolates from patients for whom lamivudine treatment failed
revealed a mutation of methionine to valine or isoleucine at
position rt204 (rtM204V/I) in the YMDD motif of the C sub-
domain of HBV polymerase (3, 21); amino acid residues in
HBV polymerase are numbered according to the consensus
nomenclature developed by Stuyver et al. (34). A second mu-
tation, of leucine 180 to methionine (rtL180M), in the up-
stream B subdomain of HBV polymerase frequently accompa-
nies rtM204 mutations. The rtM204V mutation almost
invariably occurs in tandem with rtL180M, while rtM204I can
occur as a single mutation or in conjunction with rtL180M.

In vitro analyses have confirmed and characterized the role
of the major HBV polymerase mutations in lamivudine resis-
tance. Cell culture and enzyme assays have revealed that
rtM204V/I mutations are sufficient to confer resistance to lami-
vudine and structurally related inhibitors (reviewed in refer-

ence 13). A molecular model of HBV polymerase (based on
the crystal structure of human immunodeficiency virus [HIV]
reverse transcriptase [RT]) suggested that the introduction of
the �-methyl side chain of either valine or isoleucine at posi-
tion rt204 creates a steric barrier to the binding of lamivudine
triphosphate (12). In addition to conferring drug resistance,
single rtM204V/I mutations also reduce the replication of
HBV in vitro (22, 27, 28). In vitro investigation of the L180M
mutation indicated that it plays a dual role in resistance by
augmenting the levels of lamivudine resistance and enhancing
the replication fitness of rtM204V mutant virus (1, 22, 28).
Several other mutations, including rtL80V/I, rtL82M, rtF166L,
rtV173L, and rtA200V, have also been reported during lami-
vudine therapy (reviewed in reference 15). However, in most
instances, these mutations occur at relatively low frequencies
and have not been characterized in vitro, and their contribu-
tions to drug resistance remain unclear.

Famciclovir, an oral prodrug of the deoxyguanosine analog
penciclovir, underwent clinical trials for the treatment of
chronic HBV infection but was abandoned due to limited ef-
ficacy and the frequent emergence of resistance (16, 17, 35).
Nevertheless, famciclovir has received significant use, particu-
larly in the transplant setting, where patients had few treat-
ment options prior to the development of adefovir dipivoxil.
Following famciclovir treatment failure, a variety of substitu-
tions were found in HBV polymerase, including several within
the conserved subdomains of the RT domain. Viral resistance
to famciclovir, unlike that to lamivudine, does not map to a
singular common locus (17, 33). The rtL180M mutation, which
is also selected by lamivudine, confers clinical resistance to
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famciclovir and in vitro resistance to penciclovir. A distinct
mutation downstream of the YMDD motif, rtV207I, also ap-
pears to be sufficient to confer resistance to penciclovir in vitro
(30, 38). Mutation of valine 173 to leucine (rtV173L) has been
observed during famciclovir treatment failure, as well as in
lamivudine-resistant patients (2); however, the role of this mu-
tation in drug resistance has not been established.

Adefovir is a deoxyadenosine monophosphate analog that
has in vitro activity against hepadnaviruses, HIV, and herpes-
viruses. Preclinical analyses with enzyme, cell culture, and an-
imal models have demonstrated that adefovir is a potent in-
hibitor of wild-type and lamivudine-resistant HBV. Adefovir
dipivoxil, an oral prodrug of adefovir, was recently approved in
the United States and European Union for the treatment of
chronic hepatitis B. In contrast to the situation for lamivudine
and famciclovir, the emergence of resistance to adefovir dip-
ivoxil has been infrequent and delayed. No adefovir resistance
mutations were identified in 467 chronic hepatitis B patients
treated with adefovir dipivoxil for 48 weeks during phase III
clinical studies or in a smaller cohort of 27 patients treated for
up to 136 weeks (37, 39). Recently, a novel HBV polymerase
mutation, rtN236T, was reported to have emerged in 2 of 124
patients (1.6%) who received 96 weeks of adefovir dipivoxil
therapy (S. Locarnini, H. Yang, C. E. Westland, W. E. Delaney
IV, D. Colledge, A. Bartholomeusz, V. Thibault, Y. Ben-
hamou, P. Angus, G. Kitis, M. Wulfsohn, C. S. Gibbs, J. Fry, C.
Brosgart, and S. Xiong, International Symposium on Viral
Hepatitis and Liver Disease, Sydney, Australia, p. 117, 2003);
this mutation was subsequently confirmed to have conferred
decreased susceptibility to adefovir in vitro.

During enrollment of lamivudine-resistant patients into clin-
ical trials of adefovir dipivoxil, we observed the rtV173L mu-
tation in baseline viral sequences from many patients. Here we
report a retrospective examination of lamivudine-resistant pa-
tients to determine the frequency of the rtV173L mutation and
its association with mutations at positions rt180 and rt204. To
determine the role of rtV173L in viral resistance, we examined
its effects on antiviral sensitivity and replication fitness in vitro.
In addition, molecular modeling was used to establish the
location of the mutation relative to the active site of HBV
polymerase and to provide a potential explanation for the
phenotype of rtV173L mutant HBV.

MATERIALS AND METHODS

Patients and baseline HBV genotyping. Patients (n � 216) entering three trials
of adefovir dipivoxil for the treatment of lamivudine-resistant HBV were studied.
Study GS-98-435 included chronically infected liver transplant patients for whom
lamivudine therapy failed; 122 patients were available from this study at the time
of analysis. Study GS-99-460i included HIV-coinfected chronic hepatitis B pa-
tients for whom lamivudine therapy failed; 35 patients were available for analysis.
Study GS-00-461 included 59 patients for investigation of the efficacy of lamivu-
dine, adefovir dipivoxil, or the combination of lamivudine plus adefovir dipivoxil
in chronic hepatitis B patients for whom lamivudine therapy failed. PCR ampli-
fication of the HBV RT domain and automated DNA sequencing were used to
determine baseline viral genotypes as described previously (4, 40).

Cell culture. The HepG2 hepatoblastoma cell line was obtained from the
American Type Culture Collection (Manassas, Va.) and grown in minimal es-
sential medium (American Type Culture Collection) supplemented with 10%
heat-inactivated fetal bovine serum, 100 U of penicillin/ml, and 10 �g of strep-
tomycin/ml (all supplements were obtained from Irvine Scientific, Santa Ana,
Calif.). HepG2 cells were maintained in a humidified incubator at 37°C with 5%
CO2.

Generation of HBV polymerase mutants. The plasmid pFBHBV-wt encodes a
wild-type, terminally redundant (1.3-unit-length), replication-competent HBV
genome (genotype A; GenBank accession number AF305422). The rtV173L,
rtL180M, and rtM204V mutations were introduced into pFBHBV-wt by site-
directed mutagenesis with a QuikChange kit (Stratagene, La Jolla, Calif.) and
the primers listed in Table 1. Constructs encoding the rtL180M and rtV173L
mutations were generated by a single round of mutagenesis with the appropriate
primers. The rtL180M-rtM204V double mutant was created by a second round
of mutagenesis starting with the rtL180M single mutant. A third round of mu-
tagenesis was used to create the triple mutant by introducing rtV173L into the
rtL180M-rtM204V double mutant. The RT domains of all constructs were se-
quenced to confirm that no additional mutations had been introduced.

Antiviral compounds. Adefovir {9-[2-(phosphonomethoxy)ethyl]-adenine}
and penciclovir [9-(4-hydroxy-3-hydroxymethylbutyl)guanine] were synthesized
by Gilead Sciences Inc. (Foster City, Calif.). Lamivudine [(�)-�-L-2�,3�-dideoxy-
3�-thiacytidine] was purchased from Moravek Biochemicals (Brea, Calif.).

Drug sensitivity assays. For antiviral assays, six-well culture dishes were
seeded with 7.5 � 105 HepG2 cells/well. At 16 h postseeding, cells were trans-
fected with 5 �g of plasmid by using the Fugene 6 transfection reagent (Roche,
Indianapolis, Ind.). On the following day, cells were fed fresh medium containing
lamivudine, penciclovir, or adefovir. Cells were treated with fresh drug every
other day for 1 week. During antiviral assays, all mutants were tested in parallel
by using the same stocks of drug-containing media.

Intracellular HBV replicative intermediates were isolated by lysis of cells in
phosphate-buffered saline containing 0.33% Igepal CA-630. Cell lysates were
transferred to microcentrifuge tubes and spun for 5 min at 10,000 � g to pellet
nuclei. Supernatants were transferred to clean tubes, adjusted to 10 mM MgCl2,
and incubated with 30 U of DNase I (Roche) at 37°C for 1 h. Viral replicative
intermediates were isolated from lysates by using a Masterpure DNA extraction
kit (Epicentre, Madison, Wis.). Viral DNA was resuspended in 10 mM Tris–1
mM EDTA buffer (Sigma, St. Louis, Mo.) and digested with 1.5 �g of RNase
(Roche) for 1 h prior to fractionation on 1% agarose gels. Each gel contained the
results of a single antiviral assay wherein all four mutants were treated in parallel
with one of the tested drugs. Following electrophoresis, viral DNA was trans-
ferred to nylon membranes (Roche) by standard Southern blotting procedures
(32). Membranes were hybridized to a 33P-labeled HBV probe, and viral DNA
was quantified with a Storm 860 PhosphorImager (Molecular Dynamics, Sunny-
vale, Calif.). Regression analyses of antiviral data (based on the measurement of
double-stranded HBV replicative intermediates) were performed with
TableCurve2D software as previously described (14). Dose-response equations
were used to calculate the 50% inhibitory concentrations (IC50s) of drugs for
each HBV mutant.

Replication yield assay. For analyses of intracellular HBV replication, six-well
plates were seeded and transfected with wild-type or mutant HBV as described
above. On the day of harvest, media were collected from wells and spun for 5 min
at 6,000 � g to pellet cellular debris. Hepatitis B e antigen (HbeAg) in the
supernatants was quantified by an enzyme-linked immunosorbent assay with an
ETI-EBK diagnostic kit (DiaSorin, Stillwater, Minn.); media were diluted ap-
propriately so that HBeAg signals from transfected cells were within the linear
range of the assay. Intracellular replicative intermediates were extracted and
quantified as described above. To correct for differences in transfection effi-
ciency, replication signals were normalized based on HBeAg levels.

For analyses of extracellular HBV DNA, 100-mm plates were seeded with 5 �
106 cells/plate and transfected with wild-type or mutant HBV DNA as described

TABLE 1. Primer sequences for introduction of the rtV173L,
rtL180M, and rtM204V mutations

Mutation Primer Sequence (5�33�)a

rtV173L HBV77a AAA ATA CCT ATG GGA TTG GGC CTC AGT
CCG TTT

HBV78 AAA CGG ACT GAG GCC CAA TCC CAT AGG
TAT TTT

rtL180M HYHBV095 AGT CCG TTT CTC ATG GCT CAG TTT ACT
HYHBV096 AGT AAA CTG AGC CAT GAG AAA CGG ACT

rtM204V HYHBV093 GCT TTC AGC TAT GTG GAT GAT GTG GTA
HYHBV094 TAC CAC ATC ATC CAC ATA GCT GAA AGC

a Bold sequences indicate the mutated polymerase codon.
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above (transfection reagent and DNA quantities were scaled up accordingly).
Media exposed to transfected cultures for 72 h (days 3 to 5 and days 5 to 8) were
pooled for virion analysis. Viral particles were precipitated by bringing condi-
tioned media to a final concentration of 12.5% polyethylene glycol 800 (Sigma),
incubation at 4° C for 1 h, and centrifugation at 10,000 � g for 20 min. The
resulting pellets were resuspended in phosphate-buffered saline and treated with
30 U of DNase I for 1 h to remove non-virion-associated DNA. Viral DNA was
extracted and quantified as described above, with the exception that 5 �g of
tRNA was added as a carrier prior to isopropanol precipitation.

Molecular modeling and statistical analyses. A previously described model of
HBV polymerase, generated based on the crystal structures of HIV type 1 RT
and Moloney murine leukemia virus RT, was used for molecular modeling and
structural interpretation of the experimental data (12). Statistical analyses were
performed with Instat v3.05 (Graphpad Software, San Diego, Calif.) and two-
tailed paired or unpaired t tests, as appropriate. P values of less than 0.05 were
considered significant.

RESULTS

Clinical occurrence of the rtV173L mutation. Several clinical
trials have been conducted to determine the efficacy of adefo-
vir dipivoxil in patients for whom lamivudine therapy has
failed. Baseline genotypic analyses were performed on all pa-
tients (n � 216) entering these trials to identify lamivudine
resistance mutations. During these analyses, mutations at the
YMDD locus (rtM204V/I) as well as the rtL180M B-subdo-

main mutation were frequently observed, consistent with other
clinical reports. The rtV173L mutation, also in the B subdo-
main of HBV polymerase, was observed in significant numbers
of patients in the three trials that we examined (Fig. 1 and
Table 2). The rtV173L mutation occurred in 9% of immuno-
competent lamivudine-resistant chronic hepatitis B patients
and approximately 20% of lamivudine-resistant liver transplant
or HIV-coinfected patients. Interestingly, the rtV173L muta-
tion was associated only with the rtL180M-rtM204V muta-
tional pattern in all three trials. The rtV173L mutation was
observed in patients infected with HBV genotypes A, C, and D
(the predominant HBV genotypes in these trials), indicating
that the mutation was not restricted by viral genotype. Due to
overlap of the polymerase and surface antigen reading frames,
nucleotide mutations causing the rtV173L change also caused
a surface antigen mutation (sE164D) in all instances.

Antiviral drug sensitivity of HBV carrying the rtV173L mu-
tation. To determine the role of the rtV173L mutation in
lamivudine and famciclovir resistance, we engineered this mu-
tation into wild-type and lamivudine-resistant (rtL180M-
rtM204V) HBV backgrounds and assessed the sensitivities of
the mutants to lamivudine, adefovir, and penciclovir in a cell-

FIG. 1. RT domain of HBV polymerase and location of the rtV173L mutation. The RT domain of HBV polymerase is comprised of 344 amino
acids and seven subdomains (A to G) that share significant homology with other polynucleotide polymerases. The locations of the YMDD motif
rtM204I/V mutation in subdomain C and the rtL180M and rtV173L mutations in subdomain B are shown. The indicated mutations occur at
residues that are conserved in HBV, WHV, and DHBV; bold type indicates amino acids that are conserved in all three viruses. Amino acid
numbering is based on the nomenclature of Stuyver et al. (34).

TABLE 2. Clinical occurrence of the rtV173L mutation in 70 GenBank wild-type HBV sequences and at baseline in adefovir dipivoxil trials

Trial Patient population No. of
patients tested

No. (%) of patients with
rtV173L at baseline

GenBank 70a Wild-type HBV clone infected 70 0 (0)
GS-98-435 Lamivudine-resistant, chronic hepatitis B transplant patients 122 23 (19)
GS-99-460ib Lamivudine-resistant, chronic hepatitis B, HIV-coinfected patients 35 8 (23)
GS-00-461 Lamivudine-resistant, chronic hepatitis B patients 59 5 (9)

a Seventy wild-type HBV sequences from the GenBank database; isolates of all HBV genotypes (A to G) are included. Individual accession numbers are listed in
reference 40.

b The occurrence of rtV173L was previously reported to be higher in this study; however, the study investigators have confirmed that the data provided in this table
are accurate (4; V. Thibault and Y. Benhamou, unpublished data).
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based antiviral assay. The sensitivity of wild-type HBV to lami-
vudine was not significantly altered by the addition of the
rtV173L mutation (Fig. 2 and Table 3). Both the rtL180M-
rtM204V and the rtV173L-rtL180M-rtM204V mutants were
highly resistant to lamivudine (�2,500-fold); therefore, it was
not possible to determine whether the rtV173L mutation con-
ferred additional resistance. Adefovir was active against both
wild-type HBV and rtL180M-rtM204V mutant HBV, and the
addition of the rtV173L mutation to either background did not
result in a significant change in the IC50 (Fig. 2 and Table 3).
Penciclovir was a relatively weak inhibitor of wild-type HBV
(mean IC50, 63 �M), and the introduction of the rtV173L

mutation did not alter sensitivity to this drug (Fig. 2 and Table
3). Viruses carrying the rtL180M-rtM204V or rtV173L-
rtL180M-rtM204V mutations were highly resistant to penci-
clovir and, as with lamivudine, it was not possible to determine
whether the rtV173L mutation conferred additional resistance.

Replication fitness of HBV carrying the rtV173L mutation.
We next tested whether the rtV173 mutation had any effect on
the in vitro replication of HBV. Wild-type and mutant HBVs
were introduced into HepG2 cells by transient transfection and
were allowed to replicate in the absence of drug for 1 week.
Intracellular replicating HBV DNA was extracted from cells
and quantified by Southern blotting and PhosphorImager anal-

FIG. 2. Activities of lamivudine, adefovir, and penciclovir against wild-type and lamivudine-resistant HBV in cell cultures. HepG2 cells were
transfected with plasmids encoding wild-type, rtV173L, rtL180M and rtM204V, or rtV173L, rtL180M, and rtM204V HBV DNAs and then treated
with the indicated concentrations of lamivudine, adefovir, or penciclovir. After 1 week of treatment, intracellular HBV replicative intermediates
were isolated and analyzed by Southern blotting. Relaxed circular (RC), double-stranded (DS), and single-stranded (SS) forms of HBV DNA are
indicated.

TABLE 3. Sensitivities of rtV173L mutants to lamivudine, adefovir, and penciclovir

HBV mutant(s)

Lamivudine Adefovir Penciclovir

IC50 (�M)a Fold
resistanceb IC50 (�M) Fold

resistance IC50 (�M) Fold
resistance

None (wild type) 0.04 	 0.01 1.0 0.23 	 0.21 1.0 65.34 	 34.0 1.0
rtV173L 0.03 	 0.01 0.8 0.18 	 0.12 0.8 76.2 	 6.6 1.2
rtL180M � rtM204V �100 �2,500 0.20 	 0.04 0.9 �400 �6
rtV173L � rtL180M � rtM204V �100 �2,500 0.12 	 0.05 0.5 �400 �6

a IC50 values were calculated by nonlinear regression of antiviral data generated by Southern blotting (Fig. 2) and PhosphorImager analysis and represent the mean
and standard deviation of three or more independent experiments.

b Fold resistance was calculated as the ratio of mutant IC50 to wild-type IC50.
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ysis; the results of a typical experiment are presented in Fig.
3A. Experiments were performed three separate times in trip-
licate, and secreted HBeAg, which is transcribed from the
input plasmid DNA, was used to normalize transfection effi-
ciency. In comparison to wild-type HBV, rtL180M-rtM204V
mutant HBV was found to replicate to about 40% wild-type
levels (Fig. 3A and B). The addition of the rtV173L mutation
resulted in average 37 and 48% increases in both wild-type and
rtL180M-rtM204V mutant HBV levels, respectively (Fig. 3B);
these increases were statistically significant (P 
 0.001; paired
t tests). rtV173L-rtL180M-rtM204V mutant HBV replicated to
an average of 90% wild-type levels. To determine whether the
increased intracellular replication conferred by the rtV173L
mutation resulted in parallel increases in the secretion of ma-
ture virions, viral DNA was extracted from media conditioned
with transected cells. In agreement with the intracellular data,
levels of extracellular HBV DNA were increased by the addi-
tion of the rtV173L mutation to the wild-type and rtL180M-
rtM204V backgrounds (Fig. 3C).

Molecular modeling of HBV carrying the rtV173L mutation.
Using a previously described molecular model of HBV poly-
merase (12), we investigated the location of residue rtV173
and the potential effects of the leucine mutation. In our pro-
posed model, residue rtV173 is located near the active site of
HBV polymerase and, along with two flanking glycine residues
(rtG172 and rtG174), is positioned directly under the template
strand of HBV nucleic acid (Fig. 4A). This region is well
conserved in HBV isolates as well as in woodchuck hepatitis B
virus (WHV) and duck hepatitis B virus (DHBV). Based on
the location, it seems likely that the amino acid backbone of
rtV173, along with that of rtG172 and rtG174, is involved in

positioning of the template strand during the polymerization
reaction. rtV173 and neighboring amino acids are also in close
proximity to rtF88, a residue that (by analogy to residue Y115
of HIV RT) interacts with the sugar ring of the deoxynucleo-
side triphosphate substrate and is expected to undergo signif-
icant conformational changes during the polymerization reac-
tion (Fig. 4B). It is therefore possible that the rtV173L
mutation affects replication capacity either by repositioning the
template nucleic acid strand or by altering the environment
around rtF88 in such a way that polymerization efficiency is
enhanced (Fig. 4C).

DISCUSSION

Several investigators have reported the emergence of the
rtV173L mutation in lamivudine- or famciclovir-treated pa-
tients. Two early reports of HBV drug resistance first described
the clinical appearance of rtV173L. Bartholomew et al. ob-
served the rtV173L mutation in one of three transplant pa-
tients for whom lamivudine therapy failed (3). In this patient,
rtV173L was found in association with the hallmark lamivu-
dine resistance mutations rtL180M and rtM204V. A case re-
port by Aye et al. described a similar patient who had virologic
breakthrough during famciclovir therapy after liver transplan-
tation (2). Genotyping of the virus obtained from this patient
revealed the rtV173L-rtL180M mutational pattern, and phe-
notypic analysis with an in vitro polymerase assay indicated
that the virus was not sensitive to penciclovir triphosphate;
these results suggested a role of either or both mutations in
resistance. The rtV173L mutation was subsequently described
in other clinical reports of lamivudine or famciclovir treatment

FIG. 3. Replication yields of wild-type HBV and lamivudine-resistant HBV after transient transfection into HepG2 cells. (A) HepG2 cells were
transfected with plasmids encoding wild-type, rtV173L, rtL180M and rtM204V, or rtV173L, rtL180M, and rtM204V HBV DNAs. HBV was
allowed to replicate in the absence of drug for 1 week, after which replicative intermediates were isolated and analyzed by Southern blotting.
Relaxed circular (RC), double-stranded (DS), and single-stranded (SS) forms of HBV DNA are indicated. (B) Three experiments were performed
in triplicate, and the mean levels of viral replication relative to those of the wild type (WT) are plotted (error bars indicate standard errors).
HBeAg, which is secreted from the input plasmid DNA, was used to normalize transfection efficiency. Paired t tests were used to compare
replication levels between wild-type and rtV173L HBVs and between rtL180M-rtM204V and rtV173L-rtL180M-rtM204V HBVs; P values are
indicated. (C) In a subsequent experiment, the secretion of mature HBV virions was measured by extraction of extracellular HBV DNA from
media conditioned with transfected cells and Southern blot analysis.
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failure (1, 8, 10, 23, 35). In the large majority of these cases,
rtV173L was identified along with rtL180M (in famciclovir-
resistant patients) or rtL180M and rtM204V (in lamivudine-
resistant patients). During our studies, rtV173L was associated
only with the rtL180M-rtM204V double mutation, strongly
suggesting that rtV173L specifically emerges in viruses with
this pattern of lamivudine resistance mutations.

Although the rtV173L mutation emerged during antiviral
therapy in several previous studies, little functional character-
ization was performed. Thus, it was unclear whether this mu-
tation was directly involved in altering the binding or incorpo-
ration of nucleoside analogs by HBV polymerase or whether it
was a compensatory mutation that affected the replication fit-
ness of drug-resistant HBV. After observing rtV173L at base-
line in many patients enrolled in clinical trials of adefovir
dipivoxil for the treatment of lamivudine-resistant HBV, we
sought to clarify the role of this mutation in drug resistance.
Our analyses indicated that this mutation by itself did not affect
the in vitro sensitivity of wild-type HBV to lamivudine, penci-
clovir, or adefovir. We were unable to determine whether the
rtV173L mutation affected the resistance of the rtL180M-
rtM204V mutant, since viruses carrying the double or triple

mutations were already highly resistant to both penciclovir and
lamivudine.

Since the rtL180M-rtM204V double mutation is sufficient to
confer clinical resistance to both lamivudine and famciclovir
and the rtV173L mutation by itself did not cause in vitro
resistance to nucleoside analogs, it is reasonable to hypothesize
that the clinical emergence of rtV173L occurs for a reason
other than drug resistance. Hence, we investigated the effect of
this mutation on in vitro viral replication. During these exper-
iments, HBV carrying the L180M and M204V mutations rep-
licated to about 40% wild-type levels, consistent with previous
in vitro reports (9, 26). However, the addition of the rtV173L
mutation conferred an increase in replication efficiency to both
wild-type HBV and rtL180M-rtM204V-carrying HBV. With
respect to the rtL180M-rtM204V mutant, the addition of
rtV173L restored viral replication to nearly wild-type levels
(90%). Thus, these data suggest that rtV173L functions as a
compensatory mutation for lamivudine-resistant HBV and
provide a potential explanation for its emergence in lamivu-
dine-treated patients infected with the rtL180M-rtM204V mu-
tant.

Results from the molecular modeling analysis (Fig. 4B and

FIG. 4. Location of residue rtV173 within HBV polymerase and modeling of the leucine substitution. (A) A molecular model of HBV
polymerase based on the crystal structures of HIV type 1 RT and Moloney murine leukemia virus RT has been described elsewhere (12). The
location of residue rtV173 and its molecular surface (indicated in bright green) are shown in the context of the entire enzyme. Nucleic acids
representing the primer and template strands of DNA are indicated in magenta. The location of the YMDD motif is indicated. dCTP is docked
in the nucleotide binding pocket of the polymerase. (B) Close-up view of the wild-type polymerase active site, showing the position of rtV173
beneath the template DNA strand. (C) Similar close-up view, modeling the rtV173L-rtL180M-rtM204V mutant active site. Note the position shift
of residue F88.
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C) indicated that residue rtV173 is located near the active site
of HBV polymerase, consistent with the effect of the leucine
mutation on viral replication. Based on the modeling data, at
least two hypotheses could explain the observed enhancement
of replication. First, the rtV173L mutation might result in a
repositioning of the template strand of HBV nucleic acid; this
repositioning could subsequently alter the interaction between
the primer-template and the nucleotide substrate in a way that
is more favorable for either catalysis or translocation following
polymerization. Second, the proximity of rtV173 to rtF88
might allow the rtV173L mutation to affect the positioning or
flexibility of the phenylalanine side chain. Since rtF88 is pre-

dicted to undergo a conformational change during polymer-
ization, an alteration induced by rtV173L might allow this
change to occur in a more efficient manner. Further experi-
mental and molecular modeling studies will be required to
understand the exact mechanism by which rtV173L acts to
enhance viral replication.

Compensatory mutations that enhance the viral replication
fitness of drug-resistant HIV have been reported for both the
protease and the RT enzymes (19, 24, 25, 29, 31). With respect
to HIV RT, a virus bearing the Q151M multinucleoside resis-
tance mutation subsequently can develop V75I, a mutation
that greatly enhances the in vitro replication of this virus (18).

FIG. 4—Continued.
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The V75I mutation as well as the V74L/I mutations was also
reported to enhance the replication of drug-resistant HIV car-
rying the quinoxaline (nonnucleoside RT inhibitor) resistance
mutation G190E (19). Interestingly, positions 74 and 75 in
HIV RT are located adjacent to the template strand of HIV
nucleic acid, and mutation of these residues has been postu-
lated to enhance replication fitness by repositioning the tem-
plate nucleic acid (5, 19). Recent in vitro studies indicated that
the Y115W mutation in RT (located at the substrate binding
site) impaired HIV replication but that a second mutation,
M230I, that emerged during in vitro passaging restored repli-
cation efficiency. The M230I mutation, located in the “primer
grip” of HIV RT, is predicted to influence the positioning of
the primer strand of HIV nucleic acid. Thus, data from the
HIV field as well as those presented in this report suggest that
repositioning of the template-primer complex may be a com-
mon mechanism by which viral polymerases can overcome
catalytic deficiencies caused by drug resistance mutations.

Although we found that the rtV173L single mutation en-
hanced in vitro viral replication by 37%, this mutation was not
observed as a single change in chronic hepatitis B patients.
Indeed, valine is highly conserved at position rt173 in wild-type
HBV isolates (Table 2) as well as in published DHBV and
WHV polymerase sequences. Although our modeling study
identified two potential indirect effects of rtV173L, it did not
provide an obvious reason why an rtV173L single mutant
would be selected against in vivo. However, it is possible that
rtV173 is strongly preferred in wild-type hepadnavirus poly-
merases for a functional reason. For example, rtV173L may
have a negative effect on replication fidelity, which would be
counterselective in patients with an otherwise wild-type HBV
polymerase. However, the lamivudine resistance mutations
rtL180M and rtM204V alter the geometry of the nucleotide
binding pocket and are known to affect the substrate specificity
of HBV polymerase (12). Thus, in the context of the rtL180M-
rtM204V double mutation, rtV173L may not have an adverse
effect on fidelity (or other polymerase functions), a suggestion
which may not hold true for an rtV173L single mutation.

It should also be noted that the nucleotide change that
causes rtV173L produces a simultaneous sE164D mutation in
the overlapping surface antigen reading frame. Residue sE164
is located just downstream of the second antigenic loop of the
“a” determinant in the hepatits B surface antigen (HbsAg).
Mutations in or near the “a” determinant are known to cause
escape from vaccine-induced immunization or passive prophy-
laxis with HBsAg-specific immunoglobins (6, 7, 11). Indeed,
Torresi and colleagues recently reported that sE164D alters
the antigenicity of HBsAg and changes its in vitro binding
affinity for anti-HBsAg antibodies (36). It is possible that vi-
ruses carrying the sE164D mutation are slightly less fit than
wild-type virus in an immunocompetent host but that the rep-
lication advantage bestowed upon the rtL180M-rtM204V mu-
tant polymerase by rtV173L changes this balance in lamivu-
dine-resistant patients. In an immunocompromised host, this
process might be accelerated due to better tolerance of the
sE164D mutation; this notion would explain why rtV173L was
observed more frequently in the HIV coinfection and liver
transplant settings (Table 2).

In conclusion, the studies described here have characterized
the clinical prevalence and in vitro phenotype of HBV carrying

the rtV173L mutation. This mutation emerges in immunocom-
petent and, more frequently, immunocompromised lamivu-
dine-resistant patients and was observed only in patients in-
fected with L180M-M204V mutant HBV. Collectively, our in
vitro analyses suggested that rtV173L is a compensatory mu-
tation that restores replication fitness to an rtL180M-rtM204V
mutant while maintaining high-level drug resistance to lami-
vudine and penciclovir; importantly, the rtV173L-rtL180M-
rtM204V mutant remains sensitive to adefovir in vitro. Based
on the position of the rtV173L mutation within HBV polymer-
ase, it is plausible that this mutation affects the positioning of
either the template strand of HBV nucleic acid or other resi-
dues that are critical for the polymerization reaction. Further
studies are warranted to determine the exact mechanism by
which rtV173L enhances viral replication.
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