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ABSTRACT: HBx is the smallest gene product of the Hepatitis B virus (HBV)
and an oncogenic stimulus in chronic infections leading to liver disease. HBx
interacts and interferes with numerous cellular processes, but its modes of
action remain poorly understood. It has been invoked that HBx employs
nucleotide hydrolysis to regulate molecular pathways or protein−protein
interactions. In the present study, we reinvestigate the (d)NTP hydrolysis of
recombinant HBx to explore its potential as a biochemical probe for antiviral
studies. For our investigations, we employed existing soluble constructs (i.e., GST-HBx, MBP-HBx) and engineered new fusion
proteins (i.e., DsbC-HBx, NusA-HBx), which are shown to serve as better systems for in vitro research. We performed mutational
scanning of the computationally predicted NTP-binding domain, which includes residues associated with clinical cases. Steady-state
and end-point activity assays, in tandem with mass-spectrometric analyses, reveal that the observed hydrolysis of all alleged HBx
substrates, ATP, dATP, and GTP, is contingent on the presence of the GroEL chaperone, which preferentially copurifies as a
contaminant with GST-HBx and MBP-HBx. Collectively, our findings provide new technical standards for recombinant HBx studies
and reveal that nucleotide hydrolysis is not an operant mechanism by which HBx contributes to viral HBV carcinogenesis.

■ INTRODUCTION

Chronic Hepatitis B virus (HBV) infections affect approx-
imately 350 million people worldwide and lead to the
development of liver diseases such as cirrhosis and
hepatocellular carcinoma (HCC).1−3 HBV infections account
for more than 50% of the global HCC cases, making HBV the
most dominant agent of hepatocellular malignancies.2 The viral
oncogenic mechanisms are poorly understood, but significant
evidence has identified a relationship between the 17 kDa HBV
gene product, protein X (HBx), and disease pathogenesis.2,4−6

HBx acts as an oncoprotein by regulating viral replication and
cellular functions via interactions with numerous pathways.1,7

However, key details about its modus operandi are missing,
mainly because it lacks sequence homology to known proteins
and is sparingly soluble, hindering biochemical studies. To
manage the solubility challenges of HBx, the recombinant
protein is commonly purified under denaturing conditions or
under native conditions in the form of fusion to the glutathione
S-transferase (GST) or the maltose-binding protein
(MBP).8−10 Both GST-HBx and refolded, untagged HBx
have been reported to hydrolyze ATP, dATP, and GTP.8,11,12

Such activities are particularly intriguing as they raise the
possibility that HBx can modulate protein−protein interactions
via nucleotide hydrolysis or phosphorylation of target proteins
(including itself).13,14 Indeed, many of the proteins and
pathways with which HBx interacts are highly regulated by
phosphorylation, including p53-associated pathways, the Jak-
STAT pathway, and the PI3K/Akt signaling pathway.15−17 We
therefore reinvestigated the poorly understood NTP hydrolytic
activity of HBx to allow for elucidation of its functional
potential in cellular processes leading to disease. Moreover,

nucleotide hydrolysis can be used for the development of
generic methods for in vitro biochemical studies of HBx, which
are currently lacking.
In the present study, we have reviewed the ability of four

soluble fusion HBx proteins to hydrolyze nucleotides, with the
aim to establish the kinetic parameters, resolve the protein
regions involved in nucleotide interaction, and determine the
range of possible substrates. Mutational mapping of the
predicted ATP-binding region shows that activity is insensitive
to the substitution of amino acids that are considered critical
for NTP interactions and hydrolysis. Activity assays, combined
with mass-spectrometric analyses, reveal that the GST-HBx
and MBP-HBx constructs, which are often employed in
recombinant HBx research,8,10,18 copurify with significant
amounts of the Escherichia coli chaperone, GroEL. This
chaperone is shown to be the sole source of the NTP
hydrolytic activity previously attributed to HBx, and its
presence poses a significant caveat for in vitro HBx studies.

■ RESULTS AND DISCUSSION
The primary amino acid sequence of HBx does not have a
canonical ATP-binding motif. However, the absence of such a
motif does not prove the inability of protein polypeptide to
bind and hydrolyze ATP.19 By employing prediction
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software,20 we identified a putative triphosphate-binding site in
the highly conserved C-terminal region of HBx, spanning
residues 130−141 (Figure 1A and Table S2). The predicted

sequence region, [KVFVLGGCRHKL]130−141, weakly resem-
bles a deviant Walker A nucleotide-binding motif (Figure
1B).19,21,22 Canonical and deviant Walker A motifs contain
conserved glycine and lysine residues critical for nucleotide
binding and hydrolysis.23,24 The role of glycines is to exclude
water from the active site and allow for flexibility upon
nucleotide binding, while lysines are required for stabilizing the
negatively charged phosphate groups.25,26 Among such
residues in the primary sequence of HBx, Gly-136 is predicted
to have the highest probability for interaction with
triphosphates and, together with Lys-130 and Lys-140, aligns
well with the catalytic residues of both canonical and deviant

Walker A motifs (Figure 1B and Table S2). We thus
substituted Gly-136 and the two lysines with alanines,
generating the following four HBx variants: G136A, K130A,
K140A, and K130A/K140A.
The predicted C-terminal HBx region is associated with

HCC development, and thus, this domain must contain
residues important for the regulation of yet-to-be-described
HBx functions, some of which may be ATP hydrolysis-based.
We posited that any effect on the ATPase activity as a result of
amino acid changes in this domain would provide details into
the possible hydrolysis-based mechanisms in disease pro-
gression. In this respect, we generated a series of substitutions
and deletions of residues within the predicted binding domain
(Figure 1A) that are implicated in the transactivation function
of HBx or in HCC. Cys-137 and His-139 were exchanged to
alanines due to their importance in HBx-mediated HBV
replication.27,28 The clinical double variant, K130M/V131I,
occurs with a high frequency (∼66%) in patients with HBV-
related HCC.29 We thus generated this variant and additionally
introduced the single substitution, K130M, to address the
effect of the lysine to methionine exchange. Finally, we
generated the clinical C-terminal truncated variant, Δ27, which
is known to promote cell proliferation and lacks the entirety of
the predicted ATP-binding domain.30

HBx fused to MBP has been previously shown to be soluble,
possess some tertiary structure through disulfide bonds, and
exhibit transactivation activity.10,18 We therefore performed
our biochemical investigations with MBP-HBx. The WT MBP-
HBx hydrolyzes ATP with a catalytic constant of kcat = 0.017 ±
0.0004 s−1 and a catalytic efficiency of kcat/KM = 128 ± 4 M−1

s−1. This activity is significantly lower than that exhibited by
most known ATPases, for which the kcat values range between
approximately 0.1 and 90 s−1 and the catalytic efficiencies span
a range of 103−104 M−1 s−1.31−33 All variants examined exhibit
catalytic efficiencies similar to that of the WT MBP-HBx, and
none of the substitutions, including a complete clinical
truncation of the putative nucleotide-binding domain, result
in complete abolishment of the activity (Figure 1C). In
previous studies, extensive sequence deletions and truncations
(Δ22−36, Δ33−68, Δ89−118) had only a negligible effect on
ATP hydrolysis.8 The independence of HBx ATPase activity
from all examined clinical mutations and truncations

Figure 1. Predicted nucleotide-binding domain and ATP hydrolysis
by WT and variant MBP-HBx. (A) Sequence alignment of the
predicted HBx nucleotide-binding region in the well-studied HBx
genotypes. Residues thought to be important for binding and/or are
known to be essential for the HBx function are shown in colors. (B)
Sequence alignment of the HBx (A2) putative ATP-binding domain
and known Walker A motifs. MsbA, Pdr5, and BmrA contain
canonical Walker A sequences, while MinD, gp31, and TerL utilize
Deviant I, Deviant II, and Deviant III Walker A motifs, respectively.
The red boxes highlight the residues conserved in all sequences. (C)
Catalytic efficiency of MBP-HBx WT and variants of the putative
ATP-binding domain. Error bars represent standard error. Error bars
for MBP are not visible due to the y-axis scale.

Figure 2. Purity and ATPase activity of HBx fusion proteins. (A) Coomassie-stained SDS-PAGE gel of HBx fusion proteins (expected molecular
weight NusA-HBx: 76 kDa, MBP-HBx: 60 kDa, GST-HBx: 44 kDa, DsbC-HBx: 42 kDa). Due to proteolytic degradation, GST-HBx samples have
high levels of free GST (27 kDa). This degradation is time-dependent and could not be alleviated with protease inhibitors, suggesting an intrinsic
instability of the GST-HBx fusion, the molecular origin of which is outside the scope of our studies. The GST-HBx fusion protein band at a
molecular weight of ∼44 kDa is boxed. GroEL, GST, and, to a lesser extent, HBx contribute to the ∼60 kDa band (indicated with a star), as
determined by mass spectrometry. (B) Michaelis−Menten kinetics of HBx fusion proteins. Error bars are not shown for GST-HBx because the data
exhibit a large degree of scattering due to the difficulty in consistently quantifying the amount and purity of the soluble fusion protein. (C)
Correlation between the kcat/KM of HBx fusion proteins for ATP and the amount of GroEL present in the sample. Error bars indicate standard
error.
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demonstrates that disease progression associated with these
HBx variants does not proceed via ATP-related mechanisms.
The poor ATP hydrolysis of WT MBP-HBx and the
insensitivity of the catalytic efficiencies of MBP-HBx variants
pose the obvious question of whether the observed ATP
hydrolysis arises from a contaminating protein and not HBx
itself.
On the basis of SDS-PAGE analyses, MBP-HBx appears

more than 95% pure, exhibiting a single band at the apparent
molecular weight of the fusion protein (∼60 kDa) (Figure 2A)
and thus the identity of a possible contaminating protein is
difficult to infer. Therefore, we performed mass-spectrometric
analyses on all our MBP-HBx samples to identify any otherwise
undetectable proteins present that may contribute to the
observed ATPase activity. Solution-based mass-spectrometric
analyses show that all MBP-HBx samples contain significant
amounts of the E. coli chaperone, GroEL (Table S3). GroEL
has the same apparent molecular weight as MBP-HBx, which
explains our inability to discern its presence by gel electro-
phoresis. GroEL is an ATP-dependent chaperone, for which
the hydrolytic activity varies in the presence of client proteins
and its co-chaperonin, GroES.34,35 While this variability
prevents a direct correlation between the GroEL amount and
MBP-HBx hydrolytic activity, the hydrolysis rates measured for
MBP-HBx are comparable to those reported for GroEL (0.02−
0.2 s−1).34,35 Moreover, the apparent Michaelis constant of WT
MBP-HBx for ATP (135 ± 4 μM) agrees well with that
measured for GroEL (255 ± 57 μM) (Figure S1), providing
further support that the mass-spectrometrically identified
GroEL is responsible for the observed ATP hydrolysis.
Attempts at uncoupling the GroEL activity from the possible
MBP-HBx activity via native, in-gel ATPase assays did not
yield any interpretable results because MBP-HBx forms high-
molecular-weight species in solution that cannot be separated
from the native GroEL oligomer.36 Efforts to completely
remove GroEL from the purified MBP-HBx were unsuccessful.
To circumvent these limitations, we generated two new HBx

fusion constructs in the anticipation that they might not
copurify with the GroEL chaperone. HBx was thus fused to the
N utilization substance A (NusA) and the disulfide bond
isomerase C (DsbC). For these constructs, the yield of soluble
HBx fusion is similar to or improved when compared to that of
MBP-HBx (Table 1 and Figure 2A). The GST-HBx fusion was

also generated, which, in the previous studies, showed (d)ATP
hydrolysis with an apparent KM of 95 μM for dATP.8,11

However, GST-HBx exhibits significant proteolytic degrada-
tion leading to high levels of free GST (Figure 2A), and
therefore, the total yield (and purity) of the fusion protein is
much lower compared to that of the other constructs but
similar to previous reports.8,9,11

Due to molecular mass differences, GroEL copurifying with
these HBx fusions is evident via electrophoresis, unlike the case

of MBP-HBx. In this respect, initial inspection of the SDS gels
indicates a lack of GroEL in the NusA-HBx and DsbC-HBx
samples, but not in the GST-HBx samples, for which a band at
the same apparent molecular weight to that of GroEL is
detected (Figure 2A). This band at ∼60 kDa was also observed
in the previous studies of recombinant GST-HBx, but its
chemical origin has been controversial depending on the
method employed for its identification. Using an HBx
antibody,8 the ∼60 kDa band was attributed to the GST-
HBx dimer, while using mass spectrometry,9 the same apparent
band was assigned to the GroEL chaperone (Hsp60 family). In
our studies, the mass-spectrometric analysis of the ∼60 kDa
SDS gel-excised band (Figures 2A and S2) shows its
composition to be a mixture of GroEL, GST, and HBx
(minor component). Our result is consistent with both
previous reports and suggests that when employing an HBx
antibody, GroEL was present but remained undetected, thus
contributing to the ATPase activity falsely attributed to HBx.
Solution-based mass-spectrometric measurements on all four

HBx fusions show that the amount of copurifying GroEL is
strongly construct-dependent. GST-HBx and MBP-HBx
copurify with the GroEL chaperonin, whereas DsbC-HBx
and NusA-HBx samples contain minimal amounts of the
chaperone (Table 1). It is unlikely that the preferential binding
of GroEL is of biological relevance, as GroEL is known to assist
in the folding of recombinantly expressed fusion proteins.37,38

While it is unclear if the GroEL interaction with MBP-HBx and
GST-HBx is dependent on HBx or the solubility tag, the nature
of this interaction is beyond the scope of our studies. The
amount of HBx fusion and GroEL in each sample was
quantified using the exponentially modified Protein Abundance
Index (emPAI) values extracted from mass spectrometry.39

These emPAI values were used to estimate the total
concentration of the fusion protein in each sample to afford
a more genuine comparison of the catalytic efficiencies among
the different constructs (Figure 2C). The amount of GroEL
present in each of the HBx fusions positively correlates with
the extent of observed ATP hydrolysis (Figures 2C and S3).
DsbC-HBx and NusA-HBx, which copurify with very low
amounts of the chaperone (Table 1), lack any significant
hydrolytic activity. These results support that the hydrolytic
activity stems from the chaperone rather than HBx itself.
HBx was also reported to act on other nucleotides,

specifically dATP and GTP. We thus monitored hydrolysis
of the three purported nucleotide HBx substrates with all
fusion proteins, as well as purified GroEL. The extent of ATP,
dATP, and GTP hydrolysis was determined via end-point
reactions by reverse-phase high-performance liquid chroma-
tography. MBP-HBx hydrolyzes ∼60% of ATP within 20 min,
whereas DsbC-HBx and NusA-HBx exhibit ∼13 and ∼9%
conversions, respectively (Figure 3A). Purified GroEL shows
almost complete conversion under the same conditions
(Figure 3B). For all HBx constructs, the extent of dATP
hydrolysis is comparable to that of ATP, demonstrating an
insensitivity of the activity to the oxy or deoxy form of ATP
(Figure 3C). However, GTP hydrolysis is one- to three-fold
lower, demonstrating a dependence on the chemical nature of
the base. The small mismatches in the activities between the
different HBx fusions and the exact GroEL amount are not
surprising and can be explained considering that GroEL
activity is influenced by the presence/absence of GroES and
client proteins, which, in this case, may be the different HBx
fusions.35 GroEL hydrolyzes dATP as efficiently as ATP and to

Table 1. Yield and Purity of HBx Fusion Proteinsa

yield (mg/L) % HBx fusion % GroEL

GST-HBx 0.4 ± 0.3 3.5 ± 2.2 8.4 ± 2.2
MBP-HBx 8.9 ± 1.3 74.0 ± 0.4 11.7 ± 0.04
DsbC-HBx 6.6 ± 0.6 93.8 ± 0.5 0.1 ± 0.01
NusA-HBx 28.6 ± 4.7 82.6 ± 0.5 0.2 ± 0.01

aThe percentages of the HBx fusions and GroEL in the samples were
quantified by mass spectrometry using the emPAI values.
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a lesser extent GTP, showing that all nucleotides can also be
processed by the chaperone. The dependence of the hydrolytic
activity on the nature of the HBx construct and the consistent
trend in nucleotide preference between GroEL and the
different HBx samples (Figure 3C) provides convincing
evidence that the chaperone, and not HBx, is responsible for
the (d)NTP hydrolysis.

■ CONCLUSIONS

Recombinant HBx is biologically active and reported to exhibit
NTP hydrolysis.40 In the present study, we carried out a
detailed investigation on a series of variant and soluble WT
HBx fusions to quantify and characterize their hydrolytic
activities. We reveal that the molecular origin of this activity
lies in the copurifying GroEL chaperone and not in HBx. Thus,
clinical variants in the predicted NTP-interacting region must
modulate HBx via molecular mechanisms different from ATP
hydrolysis. We show that GST-HBx and MBP-HBx, two widely
employed constructs for in vitro HBx studies, copurify with the
chaperone, a fact that can interfere with antiviral studies
employing recombinant HBx. We engineered two new HBx
soluble fusions that are superior for in vitro biochemical assays
of HBx in terms of both their improved solution behavior and
purity. These fusions lack the contaminating chaperone and
thus any detectable ATP hydrolysis, offering new standards for
in vitro HBx studies and the development of new HBV
therapeutic avenues. Collectively, our findings challenge the
current notion that HBx hydrolyzes nucleotides and show that
this activity is an artifact, allowing for disambiguation of one of
its many attributed roles within the cell. The presumed role of
HBx in oncogenesis via ATP hydrolysis-based mechanisms
must be reconsidered, as HBx does not harbor any such
activity.

■ EXPERIMENTAL SECTION

Overexpression of Fusion HBx. The HBx sequence
genotype A2 (NCBI accession: P69713) was inserted into the
pMtac vector (kindly gifted by Dr. Michael Marr, Brandeis
University, MA) which allows for its expression as a fusion
with the maltose-binding protein (MBP) with a cleavable
tobacco etch virus (TEV) recognition site. Additionally, the
HBx A2 sequence was inserted into the pET-40b(+) vector
(kindly gifted by Mehmet Berkmen, NEB) for expression as a
fusion with the disulfide bond isomerase (DsbC).41 The vector
was modified such that the S-tag and thrombin sites were
replaced with a His6 tag and a TEV recognition site. For the
expression of HBx as a fusion with the N utilization substance
A protein (NusA-HBx) and the glutathione S-transferase
(GST-HBx), the HBx sequence was inserted into the
pDB.His.NusA and pDB-HisGST vectors (Berkeley Structural
Genomics Center, CA), respectively. Both vectors express the
protein of interest as a fusion with an N-terminal His6 tag
followed by the solubility enhancement tag (i.e., NusA or
GST) and a TEV recognition site. All constructs confer
kanamycin resistance. The HBx plasmid was transformed into
E. coli T7 express cells (NEB, Ipswich, MA), and the cells were
grown in Luria-Bertani (LB) media with 50 mg/L kanamycin
at 37 °C with shaking (200 rpm) until they reached an OD600
of ∼0.6, at which time they were cold-shocked at 4 °C for 1 h.
Protein expression was induced by the addition of 0.4 mM
isopropyl β-d-1-thiogalactopyranoside (IPTG), and the
cultures were additionally supplemented with 0.25 mM
(NH4)2Fe(SO4)2·6H2O. The cells were then incubated with
shaking (200 rpm) at 18 °C for 18−20 h and harvested by
centrifugation at 7000 rpm for 15 min at 4 °C. Cell pellets
were flash-frozen in liquid N2 and stored at −80 °C prior to
further usage.

Generation of MBP-HBx Variants. Single and multiple
amino acid substitutions and sequence truncations of HBx
(when attached to an N-terminal MBP-tag) were generated
using the Q5 Hot Start Site-Directed Mutagenesis Kit (New
England Biolabs, Ipswich, MA), with the primers listed in
Table S1. All WT and variant sequences were confirmed by
Sanger Sequencing (Genewiz Inc., NY).

Purification of WT and Variant MBP-HBx. MBP-HBx
cell pellets were resuspended in 50 mM HEPES (pH 8.0) and
300 mM NaCl (Buffer 1). Phenylmethylsulfonyl fluoride
(PMSF) was added to the cell suspension to a final
concentration of 45 μg/mL. The suspension was then lysed
via sonication for a total time of 30 min (15 s pulse, 59 s pause,
60% amplification) and centrifuged at 22 000g for 30 min. The
clarified lysate was loaded onto an MBP-trap (2 × 5 mL, GE
Healthcare) equilibrated in Buffer 1. The column was washed
with Buffer 1 to remove nonspecifically bound proteins. The
bound protein was eluted using 50 mM HEPES (pH 8.0), 300
mM NaCl, 10 mM maltose (Buffer 2). The fractions
containing the protein of interest were concentrated at 4000g
using a 30 K MWCO Amicon Centrifugal Filter (Millipore,
Sigma). In all cases, the fractions eluted from the MBP-trap
contained MBP-HBx and endogenous MBP. An additional size
exclusion chromatography purification step was performed
using a HiLoad 16/600 Superdex-200 column (120 mL, GE
Healthcare) equilibrated with 50 mM HEPES (pH 8.0), 150
mM NaCl, 10% glycerol (Buffer 3). The fractions containing
pure MBP-HBx were combined and concentrated at 4000g
using a 30 K MWCO Amicon Centrifugal Filter (Millipore,

Figure 3. Hydrolysis of (d)ATP and GTP by HBx and GroEL. (A)
HPLC traces comparing the hydrolysis of ATP by MBP-HBx, DsbC-
HBx, and NusA-HBx in end-point assays (20 min). (B) HPLC trace
of ATP hydrolysis by GroEL in an end-point assay (20 min). (C)
Fraction of (d)NTPs hydrolyzed by GroEL and HBx fusions. Data are
an average of two replicates. Error bars indicate standard error.
Experimental conditions: [protein] = 5 μM, [(d)NTP] = 100 μM,
reaction time: 20 min.
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Sigma-Aldrich). Protein purity was assessed via SDS-PAGE
with Coomassie staining, and the total protein concentration
was determined via the Bradford assay. The molar percentage
of the HBx fusion protein was calculated from mass
spectrometry (vide supra) by normalizing the HBx exponen-
tially modified Protein Abundance Index (emPAI) value
against the sum of all emPAI values in the data set used.
Purification of NusA-HBx and DsbC-HBx. NusA-HBx

and DsbC-HBx cell pellets were resuspended in 50 mM
HEPES (pH 8.0), 300 mM NaCl, and 10 mM imidazole
(Buffer 4). PMSF was added to the suspension to a final
concentration of 45 μg/mL. The suspension was then lysed via
sonication for a total time of 30 min (15 s pulse, 59 s pause,
60% amplification) and centrifuged at 22 000g for 30 min. The
supernatant was loaded onto a Ni-NTA immobilized affinity
chromatography column (∼20 mL, McLab, CA) equilibrated
in Buffer 4. The column was first washed with Buffer 4,
followed by washing with 50 mM HEPES (pH 8.0), 300 mM
NaCl, 30 mM imidazole (Buffer 5) to remove nonspecifically
bound proteins. The bound protein was eluted with 50 mM
HEPES (pH 8.0), 300 mM NaCl, 250 mM imidazole. The
protein-containing fractions were combined and concentrated
at 4000g using a 30 K MWCO Amicon Centrifugal Filter
(Millipore, Sigma-Aldrich). Protein purity was assessed via
SDS-PAGE with Coomassie staining, and the total protein
concentration was determined via the Bradford assay. Mass
spectrometry was employed to quantify the exact concen-
tration of the HBx fusion protein. The molar percentage was
calculated by normalizing the HBx emPAI value against the
sum of all emPAI values in the data set used.
Purification of GST-HBx. Purification of GST-HBx was

adapted from previous reports with slight modifications.8

Frozen cells were resuspended in 20 mM HEPES (pH 7.5), 0.5
mM EDTA, 10% glycerol, 0.1% NP-40, 12.5 mM KCl, 10 mM
β-mercaptoethanol, and 1.05 M NaCl (Buffer 6). A Pierce
Protease Inhibitor tablet (EDTA free) was added to the
suspension, and the solution was lysed via sonication for a total
time of 30 min (15 s pulse, 59 s pause, 60% amplification) and
centrifuged at 22 000g for 30 min. The supernatant was loaded
onto a GST-trap (5 mL, GSTrap HP, GE Healthcare) that was
equilibrated in Buffer 6. The column was first washed with
Buffer 6 followed by washing with 20 mM HEPES (pH 7.5),
0.5 mM EDTA, 10% glycerol, 0.1% NP-40, 12.5 mM KCl, 10
mM βME, and 50 mM NaCl (Buffer 7). The bound protein
was eluted from the column with Buffer 7 containing an
additional 5 mM reduced glutathione and 100 mM glutamate.
The fractions containing the protein of interest were combined
and dialyzed overnight against 20 mM HEPES (pH 7.9), 10%
glycerol, 2 mM MgCl2, 1 mM DTT, 0.5 mM EDTA, and 50
mM KCl (Buffer 8). The dialyzed sample was then subjected
to a cation-exchange column (5 mL, HiTrap SP HP column,
GE Healthcare) followed by an anion-exchange column (5 mL,
HiTrap Q FF column, GE Healthcare). In both cases, the
columns were first washed with Buffer 8 and eluted by a
gradient with Buffer 8 containing 1 M KCl. GST-HBx and free
GST eluted off both columns during the initial wash. The
fractions containing GST-HBx were concentrated at 4000g
using a 30 K MWCO Amicon Centrifugal Filter (Millipore,
Sigma-Aldrich). The total protein concentration was deter-
mined via the Bradford assay, and the exact amount of the
fusion protein was calculated from the emPAI as described for
the other constructs.

Preparation of E. coli GroEL. Purification of GroEL was
adapted from the previous reports with slight modifications.42

E. coli T7 express cells were transformed with the pT-GroE
vector for the expression of GroEL and GroES. The
transformed cells were grown in LB media with 34 μg/L
chloramphenicol shaking at 37 °C until the OD600 reached
∼0.6. The cells were induced by the addition of 0.4 mM IPTG
and incubated at 37 °C while shaking at 220 rpm for 4 h. The
cultures were centrifuged at 7000 rpm for 15 min, and the cell
pellets were flash-frozen in liquid nitrogen and stored at −80
°C. The cell pellets were resuspended in 20 mM HEPES (pH
8.0), 100 mM NaCl, 0.1% NP-40, and 10 mM EDTA (Buffer
9). PMSF was added to a final concentration of 45 μg/mL,
together with 10 μg/mL of lysozyme and 1 μg/mL DNase.
The cells were lysed via sonication (30 min total time), and the
cellular debris was pelleted by centrifugation at 22 000g for 30
min. One percent streptomycin sulfate was added to the
clarified lysate slowly over 30 min while stirring on ice. The
lysate was then centrifuged for 15 min at 22 000g, and MgCl2·
6H2O (10 mM final concentration) was added to the
supernatant. The sample was further purified by the addition
of 32% (w/v) ammonium sulfate added slowly over 1 h. The
precipitate was isolated by centrifugation at 22 000g for 15
min, and the pellet was resuspended in 15 mL Buffer 9. The
sample was then concentrated at 4000g using a 30 K MWCO
Amicon Centrifugal Filter and further purified using a
Superdex-200 column (120 mL resin) equilibrated with Buffer
3. The fractions containing GroEL were concentrated, and the
protein concentration was determined by the Bradford assay.

ATPase Assays. ATP hydrolysis was monitored in a
coupled enzymatic assay employing pyruvate kinase (PK) and
lactate dehydrogenase (LDH), in which the regeneration of
hydrolyzed ATP is coupled to the oxidation of NADH.43 The
spectrophotometric assay was performed in 150 μL reactions
in a 96-well plate in a Powerwave XS2 plate reader. The final
concentrations of the reagents were 400 μM NADH, 800 μM
phosphoenolpyruvate (PEP), 100 U/mL PK, 12 U/mL LDH,
and varying ATP concentrations between 0 and 2 mM. The
reaction mixture contained MgSO4·7H2O in a 10-fold excess
with respect to ATP. After the addition of NADH, PEP, PK,
LDH, and ATP, the plate was shaken for 30 s and allowed to
incubate at 25 °C for 10 min prior to the addition of 1−5 μM
fusion protein, with which the reactions were initiated and
followed for 20 min. Consumption of NADH was monitored
by following the absorbance at 340 nm. The traces were fit by
linear regression using the Kaleidagraph software.

(d)NTP Hydrolysis Assays by High-Performance
Liquid Chromatography (HPLC). HBx fusion proteins at a
final concentration of 10 μM were incubated with 100 μM
ATP, dATP, or GTP and 100 μM MgSO4·7H2O for 20 min at
room temperature in Buffer 3. The reactions were quenched by
heat denaturation at 98 °C for 5 min. The samples were then
centrifuged at 21 130g to remove any precipitated proteins, and
the supernatant was then applied to a 0.22 μm nylon Spin-X
Centrifuge Tube Filter (Corning Incorporated, Corning, NY)
to ensure complete removal of any particulates. The reactions
were analyzed on a 1260 Infinity Liquid Chromatography
system equipped with a 1260 Infinity Photodiode Array
Detector WR. The samples were injected on an Agilent
reverse-phase C18-A Polaris column (particle size 5 μm, 150 ×
4.6 mm2), and the products were separated by a gradient
utilizing a water-based mobile phase (10 mM KH2PO4 and 10
mM tetrabutylammonium hydroxide (TBAH), pH 6, Solvent
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A) and an organic-based mobile phase (methanol with 10 mM
TBAH, Solvent B). Chromatographic separation of the
substrates and products was achieved with a gradient of 95%
solvent A and 5% solvent B to 50% solvent A and 50% solvent
B at a flow rate of 1.5 mL/min for 25 min. Comparison of the
integrated peak intensities to that of internal standards
(substrates and products) of known concentration enabled
quantification of the analyses. Nucleotides were detected at a
wavelength of 254 nm.
Mass Spectrometry of HBx Proteins. Gel bands were

excised, reduced, alkylated, and digested with trypsin at 37 °C
overnight, with the resulting peptides being extracted,
concentrated to 20 μL, and placed in 300 μL autosampler
vials. Solution-based samples were precipitated with trichloro-
acetic acid (TCA), resuspended in a tris(hydroxymethyl)-
aminomethane (Tris)/urea buffer, reduced, alkylated, and
digested with trypsin at 37 °C overnight. The resulting
peptides were concentrated to 20 μL and placed in 300 μL
autosampler vials. Ten microliters of the digested samples was
injected onto a Waters NanoAcquity HPLC equipped with a
self-packed Aeris 3 μm C18 analytical column (0.075 mm by
20 cm, Phenomenex). The peptides were eluted using standard
reverse-phase gradients. The effluent from the column was
analyzed using an Orbitrap Elite (ThermoFisher) mass
spectrometer (nanospray configuration) operated in a data-
dependent manner. The resulting fragmentation spectra were
correlated against custom databases using Mascot (Matrix
Science), with the output files being uploaded to Scaffold Q+S
(Proteome Software) for visualization. Custom databases
included the RefSeq entries for E. coli BL21-Gold(DE3)pLysS
AG (Taxonomy ID: 866768), HBx fusion sequences, and
common contaminants.
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