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Mutations in the YMDD motif of the hepatitis B virus (HBV) DNA polymerase result in reduced suscepti-
bility of HBV to inhibition by lamivudine, at a cost in replication fitness. The mechanisms underlying the effects
of YMDD mutations on replication fitness were investigated using both a cell-based viral replication system
and an in vitro enzyme assay to examine wild-type (wt) and YMDD-mutant polymerases. We calculated the
affinities of wt and YMDD-mutant polymerases for each natural deoxyribonucleoside triphosphate (dNTP) and
determined the intracellular concentrations of each dNTP in HepG2 cells under conditions that support HBV
replication. In addition, inhibition constants for lamivudine triphosphate were determined for wt and YMDD-
mutant polymerases. Relative to wt HBV polymerase, each of the YMDD-mutant polymerases showed increased
apparent Km values for the natural dNTP substrates, indicating decreased affinities for these substrates, as well
as increased Ki values for lamivudine triphosphate, indicating decreased affinity for the drug. The effect of the
differences in apparent Km values between YMDD-mutant polymerase and wt HBV polymerase could be
masked by high levels of dNTP substrates (>20 �M). However, assays using dNTP concentrations equivalent
to those measured in HepG2 cells under physiological conditions showed decreased enzymatic activity of
YMDD-mutant polymerases relative to wt polymerase. Therefore, the decrease in replication fitness of YMDD-
mutant HBV strains results from the lower affinities (increased Km values) of the YMDD-mutant polymerases
for the natural dNTP substrates and physiological intracellular concentrations of dNTPs that are limiting for
the replication of YMDD-mutant HBV strains.

The YMDD motif (tyrosine, methionine, aspartate, aspar-
tate) is a highly conserved amino acid sequence involved in
deoxynucleoside triphosphate (dNTP) binding in the catalytic
site of a number of RNA-dependent DNA polymerases, in-
cluding hepatitis B virus (HBV) DNA polymerase (38). During
lamivudine therapy for treatment of chronic HBV infection,
diminished therapeutic responses may occur in some patients
due to the emergence of mutant HBV species containing
amino acid substitutions in the YMDD motif and in the prox-
imal FLLAQ motif (phenylalanine, leucine, leucine, alanine,
glutamine) of the viral polymerase (1, 9, 10, 19, 30, 46). The
amino acid changes in the HBV polymerase that affect lami-
vudine sensitivity involve the methionine at position 552
(M552) within the YMDD motif and the proximal leucine at
position 528 (L528) in the upstream FLLAQ motif. The sub-
stitutions observed in clinical isolates at M552 include the
hydrophobic amino acid substitutions isoleucine (designated
M552I or MI) and valine (designated M552V or MV). Al-
though the M552I mutant has been observed in clinical isolates
both as a single substitution (MI) and in combination with
L528M (LMMI), the M552V substitution is observed in clini-

cal isolates almost exclusively in combination with L528M
(LMMV) (1, 10, 18, 25, 31, 46, 53, 54).

Changes in the YMDD motif alter viral sensitivity to lami-
vudine in cell culture and affect viral replication, even in the
absence of lamivudine. In cell culture, YMDD-mutant strains
show a wide range of sensitivities to lamivudine, with the de-
crease in sensitivity relative to wild-type (wt) polymerase vary-
ing with the specific amino acid change(s): LM � MV �� MI,
LMMV, or LMMI (1, 16, 23, 24, 34). HBV strains with a single
M552V or M552I substitution in the YMDD motif not only
show decreased sensitivity to lamivudine but also display re-
duced replication competence, yielding lower levels of virus. A
substitution of methionine at L528 in the upstream FLLAQ
motif appears to modulate the impact of amino acid substitu-
tions in the YMDD motif on both lamivudine sensitivity and
viral fitness (15, 23, 24, 26, 28, 32, 35). The impact of the
L528M substitution on both drug sensitivity and replication
fitness differs depending on the specific substitution at M552
(i.e., M552V or M552I).

Similar substitutions of the methionine at position 184 in the
YMDD motif of the human immunodeficiency virus type 1
(HIV-1) reverse transcriptase are reported to produce viral
species that exhibit both reduced sensitivity to lamivudine and
lower replication efficiency in vitro (4, 5). These studies dem-
onstrated that the replication defect in HIV-1 reverse tran-
scriptase containing the M184V substitution was exacerbated
at low cellular concentrations of dNTPs. Reduced replication
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efficiency was also reported for YMDD-mutant HBV poly-
merases in cells treated with hydroxyurea, which depletes in-
tracellular dNTP levels (28).

Allen et al. (1) hypothesized that changes in the catalytic
domain of HBV polymerase resulting from substitutions at
M552 and L528 would alter the affinity of the enzyme for
dNTP substrates, thus affecting replication efficiency. In this
report, enzyme kinetic data were derived for both wt and
YMDD-mutant polymerase and used to assess the affinity of
each of the polymerases for the natural dNTPs. In addition,
inhibition constants for lamivudine triphosphate were deter-
mined for wt and YMDD-mutant polymerases. The dNTP
pools in cells that supported the replication of wt and YMDD-
mutant HBV strains were also determined.

MATERIALS AND METHODS

Cell culture and reagents. HepG2 cells were grown in medium consisting of
Dulbecco’s modified Eagle medium containing 4,500 mg of D-glucose per liter
and 4 mg of pyridoxine hydrochloride per liter supplemented with 2 mM glu-
tamine, 10 �mol of nonessential amino acids per liter and 10% fetal bovine
serum (FBS) (HyClone, Logan, Utah). Cultures of 2.2.15 cells (a derivative line
of HepG2 cells with stable integration of four tandem copies of the complete
HBV genome [45]) were grown in RPMI 1640 medium supplemented with 2 mM
glutamine and 10% heat-inactivated FBS. Cell cultures were grown in 75-cm2

flasks (catalogue no. 3376; Corning) and maintained at 37°C in a humidified
incubator with 5% CO2.

Lamivudine triphosphate was obtained from Inspire Pharmaceuticals (Dur-
ham, N.C.). Cell media were obtained from Gibco (Grand Island, N.Y.) except
as noted, and reagents and chemicals were obtained from Sigma (St. Louis, Mo.)
unless noted otherwise.

Construction of recombinant plasmids. The wt HBV genome was derived
from pCMVhbv (14), which was kindly provided by Christoph Seeger (Fox Chase
Cancer Center, Philadelphia, Pa.). Plasmids carrying the HBV genome with
YMDD substitutions have been previously described (1). The recombinant shut-
tle vectors used to construct baculoviruses for delivery of HBV genomes to
mammalian cells were created by subcloning a 3.6-kb SnaBI to NotI fragment
containing the wt or YMDD-mutant HBV genome into the SnaBI and NotI
sites of the pFastBacMam vector, creating pFBMamWT, pFBMamMV,
pFBMamLM, pFBMamMI, pFBMamLMMI, and pFBMamLMMV (11).

The convention used for numbering nucleotides and amino acids is based on
HBV genotype A (17, 33, 49, 51).

Construction and culture of recombinant baculovirus. The recombinant bacu-
loviruses were generated using the Bac-To-Bac system (Life Technologies,
Grand Island, N.Y.). The viruses were amplified in Sf9 (Spodoptera frugiperda)
cells grown in suspension in Grace’s insect media (Life Technologies) supple-
mented with 10% FBS (HyClone), 0.1% Pluronic F-68, and 25 �g of gentamicin
per ml. Virus titers were determined by plaque assay (36).

Transfection of HepG2 cells with recombinant plasmid and isolation of core
particles. HepG2 cells in 225-cm2 flasks (catalogue no. 3001; Corning) were
transfected with wt and mutant HBV-producing plasmids as previously described
(1). HBV core particles were isolated by a modification of a previously described
procedure (12). Briefly, 5 days posttransfection the cells were harvested in situ by
lysing the monolayer in a hypotonic buffer containing 0.25 mol of sucrose per
liter, 3 mM dithiothreitol, and 0.5% NP-40 (Pierce, Rockford, Md.). The cell
debris was pelleted, and the cell supernatant was digested with 0.005 �g of
RNase A per ml and 6 U of DNase I per ml. The treated lysate was pelleted
through a sucrose step gradient: (0.3, 0.6, and 0.9 mol of sucrose per liter) in 50
mM Tris-HCl (pH 7.5)–50 mM KCl–5 mM MgCl2 (TKM buffer). The resulting
pellet containing HBV core particles was resuspended by sonication in TKM
buffer with 0.1% NP-40 and stored at �80°C.

Transduction of HepG2 cells with recombinant baculovirus and isolation of
core particles. For transduction of HepG2 cells with the recombinant baculovi-
rus, HepG2 cells were seeded at a density of �8 � 104 cells/cm2 in T-225 flasks
and incubated for 24 h. The cell monolayer was washed twice with phosphate-
buffered saline, and recombinant baculovirus was added at a multiplicity of
infection of 10 to 50 PFU/cell in 10 ml of Sf9 medium. The cells were rocked
gently for 1 h at room temperature, the inoculum was removed by aspiration, and

75 ml of HepG2 medium was added. The cells were incubated for 5 days, and
core particles were harvested as described above for transfected cells.

Quantification of core particles by PCR. Yields of extracellular viral particles
from transfected HepG2 cells were quantified by a modification of a previously
described PCR-based method (21). Intracellular core particles were quantified as
previously described (18). Briefly, the HBV DNA within intracellular core par-
ticles was extracted, resuspended in 200 �l of 10 mM Tris-HCl buffer (pH 8.0),
and quantified by PCR. With both procedures, the PCR primers used to amplify
HBV DNA were EHBV372, 5�-TCGCTGGATGTGTCTGCGGCGTTTTAT-
3�, complementary to the minus strand at nucleotides (nt) 372 to 398, and
EHBV460, 5�-TAGAGGACAAACGGGCAACATACC-3�, complementary to
the plus strand at nt 460 to 483. HBV DNA that has been replicated to a
minimum of the first 1,457 nt (1829 to 372) of the minus strand is detected by this
procedure.

Quantification of core particles from transduced cells by slot blot hybridiza-
tion. Plasmid pGEMX-HBV (18) was used as a control and diluted in Tris-
EDTA to provide a series of seven samples ranging from 1,000 to 16 pg of HBV
DNA/slot (1 pg of double-stranded HBV DNA is �3 � 105 genome equivalents).
Ten microliters of control samples or core particle preparations were denatured
in a final volume of 100 �l of 0.4 M NaOH, 0.01 M Na-EDTA at 100°C for 10
min. The samples were transferred to a Brightstar-Plus membrane (Ambion,
Austin, Tex.) by vacuum blot using a Millipore MilliBlot-S system (Millipore
Corp., Bedford, Mass.). The membrane was neutralized in 2� SSC (0.3 mM
NaCl, 0.03 mM sodium citrate, pH 7.0), and the nucleic acids were covalently
linked to the membrane by the UV-Stratalinker 2400 in auto-cross-link mode
(Stratagene, La Jolla, Calif.). The membrane was hybridized for 1 h at 42°C in
Rapid-Hyb buffer (Amersham Pharmacia Biotech, Piscataway, N.J.) containing
2 � 107 cpm of radiolabeled probe 8F or 4RA. The radiolabeled probe was
prepared with the 3�-end-labeling kit (Amersham Pharmacia Biotech) with
[33P]dATP (3,000 Ci/mmol; NEN Life Science Products, Boston, Mass.). Probe
8F (5�-ACGTTGCATGGAGACCAC-3�) is complementary to nt 1603 to 1620

FIG. 1. Schematic of HBV genome replication. Pregenomic RNA
is shown as a linear molecule, with the locations of direct repeats 1
(DR1) and 2 (DR2) indicated. After initiation of replication at the 5�
end of the pregenomic RNA and translocation to the direct repeat 1
(DR1) at the 3� end, elongation continues and produces the minus-
strand DNA. Second-strand synthesis [producing the DNA plus
strand] occurs after circularization of the minus strand. Probes 8F and
4RA are indicated by the heavy black lines.
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of the HBV genome and therefore detects genomes that have replicated a
minimum of 226 nt of the HBV minus strand (Fig. 1). Probe 4RA (5�-TGAGG
CATAGCAGCAGGATGA-3�) hybridizes to nt 410 to 430 of the HBV plus
strand. Probe 4RA detects genomes that have replicated the entire HBV minus
strand and a minimum of 2,000 bases of the HBV plus strand (Fig. 1).

After hybridization the membrane was washed with 0.5% sodium dodecyl
sulfate in 1� SSPE (0.15 M NaCl, 0.01 M Na2HPO4 [pH 7.4], 0.001 M Na-
EDTA) for one 20-min wash at 22°C, followed by two 15-min washes at 42°C.
The membrane was exposed to a Molecular Dynamics Storage Phosphor Screen
(Molecular Dynamics, Sunnyvale, Calif.) for 18 h. The exposed screen was
scanned by a STORM 860 instrument (Molecular Dynamics), and densitometric
analysis was performed with ImageQuant Software (Molecular Dynamics).

For comparison of the ratios of early-to-late replication complexes within each
core particle preparation, the core particle preparations were diluted to equiv-
alency with respect to hybridization with probe 8F.

Preparation of HBV core antibody capture plates. Antibody capture plates
were prepared by sequentially treating 96-well plates (catalogue no. 3632; Costar,
Corning, N.Y.) at 22°C as follows: (i) 2 h in 0.15 ml of 0.1 mg of neutravidin
(Pierce) per ml in 50 mM sodium carbonate (pH 9.6); (ii) 1 h in 0.15 ml of
biotinylated goat anti-rabbit immunoglobulin G (Pierce) diluted to 0.0015 mg/ml
in wash buffer (100 mM sodium phosphate [pH 7.2], 150 mM NaCl, 0.02%
Tween 20 [Pierce], 0.02% sodium azide, and 0.01% bovine serum albumin); and
(iii) 1 h in 0.15 ml of rabbit anti-HBV core antigen antibody (Zymed, San
Francisco, Calif.) diluted 1:300 in wash buffer. After each incubation, the plates
were washed three times with 0.25 ml of wash buffer. Wash buffer (0.25 ml) was
then added to each well, and the plates were stored in a humidified chamber at
4°C until needed. Similar plates were prepared with 1.5 �g of biotinylated goat
anti-mouse immunoglobulin G (Pierce) per ml and 0.67 �g of mouse anti-HBV
core antigen monoclonal antibody (clone H3A4; Research Diagnostics, Inc.,
Flanders, N.J.) per ml in wash buffer.

HBV core polymerase assays. The core polymerase assay was modified from a
previously described protocol (12). The assay was performed in 96-well plates,
and the reaction mixture consisted of 107 to 108 core particles in 33 mM Tris-HCl
(pH 7.5), 230 mM KCl, 8 mM MgCl2, 5 mM dithiothreitol, 0.2% NP-40, 7 U of
pyruvate kinase (Sigma) per ml, 2 mM phosphoenolpyruvate (Sigma), 35 �M
unlabeled dNTPs (Amersham Pharmacia Biotech), and 0.001 to 4 �M �-33P-
labeled dNTP (2,000 to 3,000 Ci/mmol; NEN) in a final volume of 10 �l. After
termination with 90 �l of stop buffer (50 mM Tris-HCl [pH 7.4], 50 mM KCl,
5 mM MgCl2, 0.05% Tween 20, 2 mM sodium pyrophosphate, 0.02% sodium
azide), the reaction mixtures were transferred to a 96-well antibody capture plate
and incubated at room temperature with shaking for 2 h. The wells were then
washed five times with 200 �l of wash buffer (100 mM sodium phosphate [pH
7.2], 150 mM NaCl, 0.05% Tween 20, 2 mM sodium pyrophosphate, 0.02%
sodium azide). After the final wash, 170 �l of Optiphase Supermix (Wallac Inc.,
Gaithersburg, Md.) was added to each well and the radioactivity in the plates was
determined by use of a Wallac 1450 Microbeta plus counter.

Extraction of dNTPs and calculation of intracellular concentrations in HepG2
and 2.2.15 cells. For extractions of dNTPs, HepG2 or 2.2.15 cells were plated in
triplicate in 25-cm2 flasks (catalogue no. 3056; Corning) and treated as described
below. Cells from two flasks were used for dNTP extractions. Cells in the third
flask were trypsinised, and the number of cells in the monolayer was determined
by cell count.

dNTPs were extracted from HepG2 cells that had undergone mock transfec-
tions (transfections with plasmids containing no HBV sequences). To mimic
conditions under which core particles or extracellular viruses were harvested,
cells were mock-transfected and (for core particles) refed on day 1, with dNTPs
extracted 4 days later, or (for extracellular viruses) refed on days 1, 3, and 5, with
dNTPs extracted 2 days after each feeding (days 3, 5, and 7 after transfection).
Nontransfected HepG2 cells were also plated at low density (1.6 � 104 cells/cm2)
and refed on days 1, 3, 5, and 7, with dNTPs extracted 2 days after each feeding
(days 3, 5, 7, and 9 after the initial plating). For dNTP extraction, the HBV-
producing cell line 2.2.15 was plated at a density of 104 cells/cm2 in complete
media containing 10% FBS and refed with the same media on day 4 and with
complete media containing 1% FBS on days 7 and 11. Extractions of dNTPs from
the 2.2.15 cells were on days 4, 7, 11, and 15 after plating. Cellular dNTPs were
extracted as previously described (37).

The extracts were analyzed by a method using a modification of the polymer-
ase assay previously described (47), in a final volume of 10 �l. The reaction was
stopped by adding 5 �l of stop mix containing 250 mM Na-EDTA and 50 mM
sodium pyrophosphate. Three microliters of the reaction mixture was spotted
onto DE81 paper (Whatman Inc., Clifton, N.J.), dried briefly, washed five times
for 10 min each in 5% Na2HPO4, once in distilled water, and once in 95%
ethanol. The paper was dried and exposed to a Molecular Dynamics Storage

Phosphor Screen, which was then scanned using a STORM 860 instrument.
Densitometric analysis was performed with ImageQuant Software. The total
amount of dNTP in each extract was calculated, and the intracellular concen-
tration was determined, assuming a cell volume of 2.6 �l/106 cells for both
HepG2 and 2.2.15 cells (37).

Calculation of kinetic constants. Km values were calculated using the Michae-
lis-Menten equation. For calculating 50% inhibitory concentrations (IC50s), con-
centration-response curves were fit to the Hill equation. Ki values were calcu-
lated by using the equation Ki 	 IC50/(1 � [S]/Km), where IC50 is the lamivudine
triphosphate concentration resulting in 50% enzyme inhibition and [S] is the
concentration of [33P]dCTP. Vmax values for core polymerase activities in assays
in which [33P]dNTP was kept at a constant concentration while concentrations of
the other three dNTPs varied were calculated by using the following equation:
v 	 (Vmax � S)/(Km � S) � Y, where v is the observed enzyme velocity, S is the
cellular concentration of 33P-labeled dNTP, and Y is the amount of [33P]dNTP
incorporated in the absence of the other three dNTPs. Data were fit to the above
equations by using Robosage, a Microsoft EXCEL (Redmond, Wash.) add-in
program developed at GlaxoSmithKline (M. W. Lutz, personal communication).
The nonlinear optimization function in Robosage is based on the Marquardt-
Levenberg algorithm. In all cases, unweighted nonlinear least-squares regression
was used to perform the fit.

RESULTS

Viral yield following transfection or transduction with wt or
YMDD-mutant HBV. In an initial characterization of the
YMDD-mutant HBV, the effect of amino acid substitutions in
the YMDD region of the HBV polymerase on the production
of viral particles in transfected or transduced cells was as-
sessed. HepG2 cells were transfected with plasmids containing
wt or YMDD-mutant HBV, and mature, enveloped viral par-
ticles were harvested at 7 days posttransfection and quantified
by HBs-antibody capture and PCR detection. Cytoplasmic
core particles containing replicative intermediates were also
harvested, partially purified, and quantified. Under identical
transfection and culture conditions, each of the YMDD-mu-
tant polymerases produced lesser amounts of both immature
intracellular viral particles and mature extracellular virus (Ta-
ble 1). The relative yields obtained from the wt and YMDD-
mutant HBV strains were similar for extracellular virus and for
intracellular particles. While none of the YMDD mutants had
a replication efficiency as high as that of wt, YMDD-mutant
HBV polymerases containing the L528M substitution showed
less reduction in replication efficiency than did YMDD-mutant
polymerases without the substitution. Transductions of HepG2
cells with baculovirus containing identical wt and mutant HBV
genome inserts gave similar results, except that absolute yields
per transduction were �50- to 100-fold higher (data not shown).

Kinetic parameters of wt and mutant HBV polymerases.

TABLE 1. Yields of extracellular and intracellular HBV DNA
in transfected culturesa

Viral
construct

Extracellular HBV DNA Intracellular HBV DNA

DNA
(pg/ml)

Fold decrease
from wt

DNA
(ng/flask)

Fold decrease
from wt

wt 23.6 NA 27.9 NA
LMMV 4.8 �5 8.0 �3
MI 2.4 �10 4.2 �7
LMMI 6.8 �3 12.6 �2
LM 7.5 �3 14.6 �2
MV 2.9 �8 3.0 �9

a Average of three to four assays; SE � 10 to 20%; abbreviations: NA, not
applicable; LMMV, L528M M552V; MI, M552I; LMMI, L528M M552I; LM,
L528M; MV, M552V.
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Enzyme kinetic parameters of wt and YMDD-mutant poly-
merases were calculated to determine the effects of the amino
acid substitutions on polymerase activity. The wt and YMDD-
mutant polymerases were assayed in their native state within
subviral core particles, and the apparent Km of each of the four
natural dNTP substrates was measured for each polymerase.
As shown in Table 2, the apparent Km values of each of the
four natural dNTP substrates for the YMDD-mutant poly-
merases were greater than the corresponding values for wt
HBV polymerase, indicating that the YMDD-mutant poly-
merases require higher dNTP concentrations to reach maxi-
mum velocity.

While the core polymerase assay indicated that the apparent
Km values of the mutants deviated from those of the wild type,
it was necessary to confirm that the assay could detect the
differences between wt and mutant polymerases with respect to
their interactions with lamivudine triphosphate, the active
form of lamivudine. Therefore, a series of assays was under-
taken to determine the Ki (inhibition constant) of lamivudine-
triphosphate for wt and each mutant polymerase. Each core
polymerase reaction contained [33P]dCTP at the apparent Km

value calculated for that polymerase, the other three dNTPs at
35 �M (a concentration chosen to be 30-fold higher than the
highest apparent Km value), and lamivudine triphosphate at
concentrations ranging from 0.001 �M to 2 mM.

Ki values for lamivudine triphosphate calculated from the
core polymerase assays were compared to previously reported
IC50s for lamivudine obtained from cell-based assays in this
laboratory (1). As expected, the YMDD-mutant polymerases
were less sensitive to inhibition by lamivudine triphosphate
than was the wt enzyme. Notably, the range of Ki values and
the ranking of wt and YMDD-mutant polymerases were sim-
ilar to the range and the ranking of the YMDD-mutant poly-
merase IC50s (Table 3). In both systems, the LM and MV
mutant polymerases were much closer to wt polymerase in
terms of sensitivity to lamivudine than were the mutants
LMMV, MI, and LMMI, each of which showed a decrease in
sensitivity of �1,000-fold for the Ki of lamivudine triphosphate
and �10,000-fold for the IC50 of lamivudine.

The determination of Km or Ki is not dependent on the
amount of enzyme present, but enzyme concentration is nec-
essary to calculate kcat, the catalytic efficiency or turnover rate,
which is the amount of substrate converted per unit of time per
molecule of enzyme. Since the polymerase enzyme is co-
valently bound to the primer template during replication (42),

measuring the number of molecules of minus-strand DNA with
a minimum length of 200 nt was taken as a surrogate measure
of active HBV polymerase in a polymerase reaction. Since the
minus-strand DNA molecules that have replicated to a mini-
mum length of 200 nt may not all remain enzymatically active,
this calculation may result in an underestimation of the actual
rate of incorporation. The amount of newly replicated minus
strand was quantitated by hybridization of radiolabeled oligo-
nucleotide probe 8F (Fig. 1). The turnover rate, kcat, was then
calculated as the number of molecules of a radiolabeled dNTP
that were incorporated per minute in a polymerase reaction
(determined from the specific activity of radioisotope in the
reaction) when all four dNTPs were at saturating concentra-
tions, divided by the number of HBV polymerase molecules
(calculated by a surrogate determination based on hybridiza-
tion to the 8F probe). For a given dNTP substrate, there were
no appreciable differences between any of the HBV poly-
merases in the kcat values (Table 4). For each of the poly-
merases assayed, the average incorporation of dNTPs at Vmax

(saturating conditions for all dNTPs) was approximately 5 

0.4 molecules of dNTPs per min (mean 
 standard deviation),
calculated as the sum of the incorporation rates of all four
dNTPs. This result indicates that there are no appreciable
differences in the catalytic efficiency of the wt and YMDD-

TABLE 2. Mean Km values for each dNTP determined by using
wt and YMDD-mutant HBV polymerasesa

HBV
polymerase

Mean dNTP Km values (�M) 
 SEM

dCTP dATP dGTP TTP

wt 0.09 
 0.01 0.18 
 0.02 0.07 
 0.01 0.08 
 0.01
LMMV 0.16 
 0.03 0.53 
 0.1 0.16 
 0.04 0.23 
 0.06
MI 0.30 
 0.06 0.79 
 0.18 0.35 
 0.10 0.42 
 0.08
LMMI 0.24 
 0.09 0.74 
 0.07 0.18 
 0.03 0.22 
 0.02
LM 0.12 
 0.01 0.40 
 0.03 0.11 
 0.03 0.19 
 0.01
MV 0.32 
 0.08 1.15 
 0.18 0.29 
 0.09 0.38 
 0.06

a Mean values are based on determinations from four to six core particle assays
from transfected or transduced cells; abbreviations: LMMV, L528M M552V; MI,
M552I; LMMI, L528M M552I; LM, L528M; MV, M552V.

TABLE 3. Comparison of wt and YMDD-mutant polymerases
based on IC50s for lamivudine and on Ki values

for lamivudine triphosphatea

Polymerase

Lamivudineb Lamivudine
Triphosphatec

IC50
(�M)

Fold increase
relative to wt

Ki
(�M)

Fold increase
relative to wt

wt 0.049 NA 0.032 NA
LMMV �200 �10,000 37 1,100
MI �200 �10,000 31 970
LMMI �200 �10,000 43 1,300
LM 0.9 18 0.255 8
MV 7.5 153 1.8 55

a Abbreviations: LMMV, L528M M552V; MI, M552I; LMMI, L528M M552I;
LM, L528M; MV, M552V; NA, not applicable.

b Data from Allen et al. (1).
c Data shown are averages of three assays. Standard error of the mean is

�10%.

TABLE 4. Estimated kcat values of wt and YMDD-mutant
HBV polymerasesa

Polymeraseb

Rate of incorporation of each dNTP
(no. of molecules/min/enzyme)

Rate of total
incorporation
(no. of mole-

cules of all
dNTPs/min)dATP dGTP dCTP TTP

wt 1.2 0.9 1.0 0.8 3.9
LMMV 1.6 1.1 1.2 0.9 4.9
MI 1.2 0.8 1.1 0.8 3.9
LMMI 2.0 1.5 1.7 1.3 6.5
LM 2.1 1.2 1.1 1.4 5.8
MV 1.9 0.9 1.2 0.9 4.9

a Values based on the assumption that the number of active DNA polymerase
molecules is represented by the number of (�) strands that have completed
synthesis to at least 200 nt.

b Abbreviations: LMMV, L528M M552V; MI, M552I; LMMI, L528M M552I;
LM, L528M; MV, M552V.
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mutant polymerases at nonlimiting dNTP levels. If this method
overestimates the number of active polymerase molecules, the
absolute rates may be higher, but the relative rates at high
dNTP concentrations will be unaffected. By comparison, the
incorporation rate of the HIV-1 reverse transcriptase has been
calculated to be between 1 and 3 molecules of dNTPs per s (8,
13), or 60 to 180 molecules per min.

Whereas kcat is determined under saturating conditions, the
catalytic specificity, kcat/Km, is a measurement of enzyme ac-
tivity at limiting substrate concentrations. Specifically it mea-
sures the turnover rate of the enzyme at a concentration of
substrate sufficient for the enzyme to proceed at only 50% of
the maximum rate. When catalytic specificity was calculated by
using the apparent Km and kcat values previously determined,
the YMDD-mutant polymerases showed a characteristic de-
crease associated with the presence of specific amino acid
substitutions, indicating that they are not as active as wt poly-
merase at relatively low substrate concentrations (Table 5).
The relative differences in activity between the polymerases
were calculated by normalizing the value for wt polymerase to
100% and expressing the activities of the YMDD-mutant poly-
merases as a percentage of wt activity (Table 6). Taken to-
gether, these kinetic results indicate that the enzymatic activ-
ities of YMDD-mutant polymerases decrease relative to the
activity of wt polymerase as the concentrations of normal
dNTPs decrease.

Intracellular dNTP pool sizes. To investigate whether the
concentration of intracellular dNTPs might influence the rep-
lication fitness of YMDD-mutant polymerases, the concentra-

tions of dNTP pools within HepG2 and 2.2.15 cells under
various growth conditions were determined. The conditions
chosen for dNTP extraction included both normal growing
conditions for HepG2 cells and growing conditions used to
produce virus and core particles from transfected HepG2 cells
or virus from 2.2.15 cells. Control experiments indicated that
the cellular extracts were not inhibitory to the activity of the
Klenow polymerase under the assay conditions used (data not
shown).

With the exception of [TTP] (12.4 �M) in normal HepG2
cells grown at the lowest cell density, dNTP concentrations
ranged from �0.1 to �4 �M (Table 7). Although individual
dNTP concentrations differed slightly between the various ex-
tracts, the results from the other extracts were similar (data not
shown). Cultures with higher cell densities (i.e., confluent cul-
tures) tended to have lower concentrations of dNTPs. These
observations are consistent with results from other studies, in
which it was shown that rapidly dividing cells have higher
concentrations of dNTPs than confluent or slower growing
cells (6, 7, 39, 40).

Core polymerase activity at limiting concentrations of
dNTPs. Both the Km and kcat constants were determined for wt
and YMDD-mutant polymerases by measuring incorporation
of a single radiolabeled dNTP in the presence of nonlimiting
concentrations of the other three dNTPs. However, the cata-
lytic specificity values (kcat/Km) predicted that at limiting sub-
strate levels there should be easily measurable differences in
polymerase activity between wt and YMDD-mutant poly-
merases. Based on measured apparent Km values, at 35 �M the
nonlimiting concentration of dNTPs represents an excess over
the Km value ranging from 30-fold for the highest Km cal-
culated (MV, dATP, 1.15 �M) to �500-fold for the lowest
Km (wt, dGTP, 0.07 �M). These concentrations ranged from
8-fold higher (TTP at 4 �M) to �350-fold higher (dGTP at
�0.1 �M) than the intracellular concentrations of the corre-
sponding dNTPs in HepG2 cells grown at high density. In
order to examine polymerase activity under conditions that
were closer to the conditions encountered in cultured liver-
derived cells, assays were carried out over a range of dNTP
concentrations bracketing the concentrations observed in
HepG2 cells.

The midrange concentrations and relative amounts of
dNTPs chosen were the highest levels found in HepG2 cells
grown under the conditions used for harvesting core particles:
dATP, 4.1 �M; dGTP, 2.0 �M; dCTP, 4.4 �M; and TTP, 4.6
�M. For one of the comparison assays, the concentration of
[33P]dCTP was held at a constant 4.4 �M (�10 times the
apparent Km for each polymerase) and the concentrations of
the three unlabeled dNTPs were altered while their relative
ratios were maintained (Table 8). The results indicated that wt

TABLE 5. Catalytic specificities (kcat/Km) for wt and
YMDD-mutant polymerases, determined by core polymerase assays

using one labeled dNTP at Km and unlabeled dNTPs at 35 �M

HBV
polymerasea

kcat/Km valuesb for each dNTP (turnover rate/�M)

dATP dGTP dCTP TTP

wt 6.6 13.3 10.9 9.8
LMMV 3.0 7.0 7.7 4.1
MI 1.5 2.3 3.8 1.9
LMMI 2.6 8.5 6.9 6.0
LM 5.4 10.5 9.1 7.3
MV 1.6 3.2 3.7 2.4

a Abbreviations: LMMV, L528M M552V; MI, M552I; LMMI, L528M M552I;
LM, L528M; MV, M552V.

b Values based on the assumption that the number of active DNA polymerase
molecules is represented by the number of (�) strands that have completed
synthesis to at least 200 nt.

TABLE 6. Enzymatic activities of YMDD-mutant polymerases
relative to wt polymerase, calculated at low substrate concentrations

HBV
polymerasea

% Enzyme activity relative to wt polymerase

dATP dGTP dCTP TTP

wt 100 100 100 100
LMMV 46 53 71 42
MI 23 17 35 19
LMMI 40 64 63 62
LM 82 79 83 75
MV 25 24 34 25

a Abbreviations: LMMV, L528M M552V; MI, M552I; LMMI, L528M M552I;
LM, L528M; MV, M552V

TABLE 7. dNTP pools in nontransfected HepG2 cells,
by day harvested

Day
harvested

dATP
(�M)

dGTP
(�M)

dCTP
(�M)

TTP
(�M)

Cell density
(105/cm2)

3 3.2 0.6 1.2 12.4 0.9
5 1.6 0.5 0.7 4.8 2.6
7 0.74 0.15 0.41 1.8 7.1
9 0.51 0.07 0.23 1.1 7.3
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polymerase is near its maximum velocity at the onefold con-
centrations, while the mutant polymerases require higher lev-
els of dNTPs to achieve their maximum velocities. Moreover,
the apparent activity differences between wt and YMDD-mu-
tant polymerases increase as the levels of dNTPs decrease. In
a slightly different assay the labeled dNTP was held constant at
the apparent Km for each polymerase, thus normalizing the
labeled dNTP concentration to kinetic equivalency. Therefore
any kinetic differences between wt and mutant polymerases
would be due solely to the levels of the other three substrates,
as shown in Table 9 (note that the maximum rate calculated in
this assay is still only one-half that of the true Vmax). Again it
is apparent that even when the polymerases are kinetically
normalized with respect to one substrate, the YMDD-mutant
polymerases are not as efficient as wt polymerase when the
concentrations of the other dNTPs approach levels seen in
confluent HepG2 cells.

Indirect measurement of polymerization velocity by wt and
YMDD-mutant HBV polymerases within subviral particles. To
assess relative velocities of wt and the three clinically signifi-
cant YMDD-mutant polymerases included in this study, par-
tially purified core particles of wt, LMMI, LMMV, or MI were
isolated from HepG2 cells that had been transduced with bac-
ulovirus constructs and grown and harvested under conditions
identical to those described above. Within each core particle
preparation, the number of DNA molecules hybridizing to
probe 8F (Fig. 1) was quantified as a direct measurement of
molecules that had replicated a minimum of 200 nt. The var-
ious core particle preparations were diluted to equivalence
with respect to the number of molecules hybridizing to probe
8F, and equivalent amounts of core particle preparations were
hybridized to probe 4RA, as a measure of the number of
replication complexes that had completed replication of the
entire minus strand (�3,000 bases) and approximately 2,000
bases of the HBV plus strand (Fig. 1). As shown in Table 10,
a greater percentage of wt core particles have reached the later
stage of replication, indicating that under identical conditions
of replication the YMDD-mutant polymerases are unable to
extend the replicating DNA to the same extent as wt polymer-
ase. Notably, the rank order of the differences is the same as
that predicted by the kinetic data: wt � LMMV; LMMI � MI.

DISCUSSION

Variant species of HBV with reduced susceptibility to lami-
vudine emerge in chronically infected patients on long-term
lamivudine therapy (1, 9, 10, 19, 30, 46). In these HBV species,
the affinity of the viral polymerase for lamivudine triphosphate
is decreased by the substitution of either valine or isoleucine
for the methionine at position 552 in the conserved YMDD
region of the polymerase. In many clinical isolates, an up-
stream methionine substitution at L528 also emerges, presum-
ably as a compensatory mutation (15, 23, 24, 26, 28, 35). While
these substitutions result in decreased viral susceptibility to
lamivudine, HBV appears to pay a replicative price, as previ-
ous studies have indicated that HBV strains with YMDD-
mutant polymerase replicate with lower efficiency than wt
strains (1, 16, 23, 24, 34). Based on a computer model of the
HBV polymerase, these amino acid changes were shown to be
in the catalytic domain of the enzyme and could possibly in-
fluence interactions with the normal dNTP substrates as well as
interactions with lamivudine triphosphate (1). One study indi-
cated that not only were amino acid changes in the polymerase
involved in decreased replication efficiency but also the con-
centrations of dNTPs within HBV-producing cells may play a
role in diminishing replication efficiency (28). To examine the
influence of dNTP concentrations on replication fitness of
YMDD-mutant HBV strains, the levels and relative amounts
of dNTPs were determined for cells that both supported HBV
replication and exhibited differences in replication efficiency
between wt and YMDD-mutants. The enzyme kinetics of the
HBV polymerase reaction was measured in order to investi-
gate the molecular interactions between the dNTPs and HBV
polymerase, both wt and mutant.

The system chosen for kinetic analysis was one in which the
HBV polymerase activity measured is in the native state. Dur-
ing replication the polymerase is enclosed within the HBV core
particle, using the encapsidated HBV pregenomic RNA as a
template for the RNA-directed DNA polymerase activity and
the minus-strand DNA as a template for the DNA-directed
DNA polymerase activity. We assayed the polymerase activity
found within partially replicated subviral core particles isolated
from liver-derived cells which support HBV replication. This
assay system is in contrast to other systems which have used
recombinant HBV polymerases to obtain kinetic data (44, 52).
In highlighting the fact that the Ki values reported in their
assay did not match the values that had been reported in a
study using a cell-based system, Xiong et al. (52) noted that the
enzymes studied were partially purified recombinant protein
preparations isolated from insect cells and that the primer

TABLE 8. Activities of wt and YMDD-mutant HBV polymerases
at 4.4 �M dCTP and limiting concentrations of

dGTP, dATP, and TTPa

Concn of dATP, dGTP, and TTP % of HBV polymerase activity

Actual
(�M)

Fold (relative to
measured cellular

dNTP levels)
wt LMMV MI LMMI

16.4, 8.0, 18.4 4 101.9 91.5 80.6 93.1
4.1, 2.0, 4.6 1 93.3 66.0 46.0 67.7
2.0, 1.0, 2.3 0.5 85.6 49.2 30.9 50.3
0.41, 0.2, 0.46 0.1 62.0 23.4 12.7 23.6

a Enzymatic activities were determined as the mean values of three measure-
ments and expressed relative to calculated Vmax values at nonlimiting dNTP
concentrations. Abbreviations: LMMV, L528M M552V; MI, M552I; LMMI,
L528M M552I.

TABLE 9. Activities of wt and YMDD-mutant polymerases
at low dNTP concentrations

[dCTP] at Km
(�M)

% Activity of calculated Vmax valuesa

wt LMMV MI LMMI

10 102.7 93.2 85.6 92.9
3.16 96.1 76.0 60.7 76.0
1 87.6 54.6 41.0 56.0
0.316 71.0 35.1 24.0 35.0

a Abbreviations: LMMV, L528M M552V; MI, M552I; LMMI, L528M M552I.

1010 GAILLARD ET AL. ANTIMICROB. AGENTS CHEMOTHER.



template was activated calf thymus DNA, rather than the nor-
mal HBV template (K. P. Fischer, Letter, Hepatology 29:996,
1999; X. Xiong, Letter, Hepatology 29:996, 1999). While the Ki

values determined from the core polymerase assay show as
much as a 1,000-fold difference between wt and YMDD-mu-
tant polymerases (Table 3), the assay using isolated polymer-
ase preparations derived from insect cells showed a maximum
difference of only 20-fold between the polymerases (52). The
core polymerase assay also discriminates between the two sin-
gle M552 substitutions by demonstrating that MV is much less
sensitive to lamivudine triphosphate than is MI, consistent with
results previously reported in cell-based systems (1, 26, 34).
However, the opposite conclusion was reached with the recom-
binant polymerase assay, suggesting that recombinant HBV
polymerases produced in heterologous systems cannot discrim-
inate between natural substrates or lamivudine triphosphate as
well as core polymerases in the native state. Moreover, the
kinetic data were derived by using linear regression analysis
(44, 52), which is not as precise as the nonlinear regression
analysis used in this study (described at http://www.curvefit
.com/avoid_linearizing.htm).

Determination of enzyme kinetic constants for an enzymatic
reaction gives insight into the nature of the reaction, especially
the interaction between substrate and enzyme. In a simple
enzymatic reaction with one substrate, the Km value is the
concentration of substrate at which 50% of the enzyme is
bound to the substrate (43). When the substrate concentration
is equal to the Km value, the rate of the enzymatic reaction is
50% of the maximal rate, Vmax. During replication the HBV
polymerase utilizes five substrates: four dNTPs and a template
primer. The steady-state velocities for wt and mutant poly-
merases are the result of the complex interplay of all reactants
and depend on the Km values of each dNTP, the concentra-
tions of each dNTP, and the nucleotide sequence of the tem-
plate primer. Consequently, the kinetic equation describing the
velocity of the polymerase reaction is quite complex. To sim-
plify the interpretation of the data presented here, an apparent
Km value for each naturally occurring dNTP substrate has been
defined as the concentration of the selected dNTP yielding
50% of the Vmax value when the other three dNTPs and tem-
plate primer are at saturating concentrations.

The higher apparent Km values for the mutant polymerases
determined by the core polymerase assay indicate that higher
concentrations of dNTPs are required for activity equivalent to
that of wt polymerase. One indication that the Km differences
are involved in replication efficiency is the fact that the differ-
ences in apparent Kms between wt and mutant polymerases
correlated with the change in yields and not the changes in
lamivudine sensitivity. Because of the complexity of the actual

polymerase reaction, as noted above, both the actual concen-
tration of each dNTP and their relative amounts will have a
profound effect on the observed velocity. Thus, it was impor-
tant to determine the levels and relative amounts of dNTPs in
cells that both supported HBV replication and exhibited dif-
ferences in replication efficiency between wt and mutants.

dNTP pools were determined in HepG2 cells that had been
grown under a variety of conditions: (i) mock production of
extracellular virus, (ii) mock production of intracellular parti-
cles, and (iii) normal passage. Pools of dNTPs were also mea-
sured in the HepG2-derived 2.2.15 producer cell line under
conditions that induce overexpression of extracellular virus.
For the most part, maximum levels of dNTP concentrations
were in the low micromolar range (�5 �M), with the highest
concentrations observed at very low cell density or under con-
ditions used for mock intracellular harvest. In most cases at
high cell densities the concentrations of individual dNTPs were
�1 �M. The levels of dCTP in HepG2 cells reported in this
paper are similar to those reported recently (22). A review of
the literature indicates that similarly low concentrations of
dNTPs are found in liver or liver-derived cells from the rat or
mouse (41, 48). Nakamura et al. (29) measured dNTP levels in
mouse fetal liver and in mouse adult liver; the dNTP levels for
mouse fetal liver reported by these investigators are similar in
ratio and concentration to those measured in low-density, rap-
idly growing HepG2 cells after 3 days of growth (Table 7). By
contrast, dNTP levels in the liver of the adult dam were lower
(�0.4 �M) than those found in dense HepG2 monolayers.
These data indicate that as HepG2 cells increase in density,
intracellular dNTP levels decrease to levels that may approxi-
mate those in normal adult liver (2, 20, 27, 29, 41, 48, 50). One
caveat to these calculations is that assessment of the dNTP
pools was based upon a cellular average and does not reflect
possible intracellular compartmentation. If there are two dis-
tinct dNTP pools, with cytoplasmic dNTP concentrations lower
than those in the nucleus (3), then actual concentrations avail-
able for HBV replication may be lower than our estimates
indicate.

A comparison of the catalytic specificities, kcat/Km, of wt and
mutant polymerases indicated that at low levels of dNTPs the
relative velocity of HBV polymerase would be lower for the
mutants than for the wild type (Table 5). Polymerase assays
were performed to see whether the levels of dNTPs measured
in HepG2 cells were sufficiently low to detect differences be-
tween wt and mutant polymerases. As predicted by the enzyme
kinetic data, there were marked differences between wt and
mutant polymerases at low levels of dNTPs (Tables 8 and 9).
The results were similar whether the nonlabeled dNTPs were
equimolar, with the labeled dNTP at Km, or whether the con-

TABLE 10. Measurement of polymerization velocity of wt and YMDD-mutant polymerases, using probes specific
for early and late HBV genomic replication

HBV
polymerasea

(�) strand probe 8F
(107 molecules)

(�) strand probe 4RA
(106 molecules)

% of polymerase HBV particles hybridizing
to (�) strand probe 4RA

% Replication relative
to wt polymerase

wt 5.5 9.9 18 100
LMMV 5.6 4.9 9 50
MI 5.5 3.4 6 33
LMMI 4.9 4.6 10 55

a Abbreviations: LMMV, L528M M552V; MI, M552I; LMMI, L528M M552I.
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centrations of the nonlabeled dNTPs varied and the labeled
dNTP was present in high concentration. The differences in
polymerase activity between wt and mutant polymerases based
on kcat/Km calculations are almost identical to the differences
observed in polymerase assays performed at low dNTP levels.

The results of the kinetic experiments and polymerase assays
at limiting levels of dNTP substrates indicated that the elon-
gation rate of polymerases containing YMDD mutations
would be slower than the elongation rate of wt polymerase in
HepG2 cells. In order to test this hypothesis, the extent of
DNA polymerization within core particles of wt and YMDD-
mutant HBV grown in HepG2 cells was measured. The results
showed that in a population of core particles that had poly-
merized at least the first 200 nt of DNA, a much greater
number of wt core particles than of YMDD-mutant core par-
ticles had extended polymerization by at least 5,000 nt, which
is twice as many wt core particles as LMMV or LMMI core
particles and three times as many wt core particles as MI core
particles.

In summary, the results presented in this paper confirm the
lower replication efficiency of YMDD-mutant HBV strains and
show that they have reduced fitness. The YMDD-mutant poly-
merases have a lowered affinity for the natural dNTP sub-
strates used for viral DNA replication, and cells capable of
supporting HBV replication have intracellular concentrations
of dNTPs that are low enough to influence the differences in
the enzymatic rates between YMDD-mutant polymerases and
wt polymerase.
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