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The hepatitis B virus x protein (HBX) is expressed in HBV-
infected liver cells and can interact with a wide range of
cellular proteins. In order to understand such promiscu-
ous behavior of HBX we expressed a truncated mini-HBX
protein (named Tr-HBX) (residues 18-142) with 5 Cys—Ser
mutations and characterized its structural features using
circular dichroism (CD) spectropolarimetry, NMR spec-
troscopy as well as bioinformatics tools for predicting
disorder in intrinsically unstructured proteins (IUPs). The
secondary structural content of Tr-HBX from CD data sug-
gests that Tr-HBX is only partially folded. The protein dis-
order prediction by IUPred reveals that the unstructured

region encompasses its N-terminal ~30 residues of Tr-HBX.

A two-dimensional 'H-""N HSQC NMR spectrum exhibits
fewer number of resonances than expected, suggesting
that Tr-HBX is a hybrid type IUP where its folded C-
terminal half coexists with a disordered N-terminal region.
Many IUPs are known to be capable of having promiscu-
ous interactions with a multitude of target proteins. There-
fore the intrinsically disordered nature of Tr-HBX revealed
in this study provides a partial structural basis for the
promiscuous structure-function behavior of HBX.

INTRODUCTION

Despite the availability of effective vaccines, approximately 350
million people are chronically infected with human hepatitis B
virus (HBV) worldwide. The facts that the number of chronic
HBV carriers is increasing and that chronic infection with HBV
results in liver cancer (hepatocellular carcinoma: HCC) which
shows a poor prognosis suggest that additional efforts are
needed to eradicate HBV by more accurately understanding
the mechanism of HBV replication. HBV is a hepadnavirus
composed of a partially double-stranded DNA that contains four
open-reading frames (P, PreC/C, PreS1/S2/S, X) (Chisari et al.,
1989; Ganem and Varmus, 1987; Mason et al., 1982; Weiser et
al., 1983). The X gene in HBV encodes a protein called HBX

consisting of 154 amino acid residues, whose role in cirrhosis,
liver failure, and HCC has been intensively investigated (Ar-
buthnot and Kew, 2001; Benhenda et al., 2009; Bui-Nguyen et
al., 2010; Kim et al., 2008b; Su et al., 1998; Waris and Siddiqui,
2003).

The exact function of HBX remains unknown except for the
fact that HBX is a multifunctional protein involved in gene
transcription, intracellular signal transduction, cell proliferation,
apoptotic cell death, and DNA repair. Any structural knowledge
on this promiscuous protein would be of great value, yet there
is little structural information even for some regions of HBX not
to mention its entire three-dimensional structure. The full HBX
contains 9 Cys residues, eight of which are putatively known to
be involved in forming disulfide bonds (Gupta et al., 1995). The
paucity of structural information on HBX relates to the fact that
ample production of full HBX with intact disulfide bonds in a
soluble form or the production of certain regions of HBX that
maintains some activity of full HBX has been impossible or
dauntingly difficult, essentially preventing any structural studies
(Hildt et al., 1996; Rui et al., 2001; Truant et al., 1995; Urban et
al., 1997). Recently, shorter recombinant constructs of HBX
including a variant called truncated mini HBX (residues 18-142)
(we call Tr-HBX here) were successfully produced and ana-
lyzed by CD, fluorescence, and 1-D NMR spectroscopy (de
Moura et al., 2005; Lee et al., 2001; Liu et al., 2009; Rui et al.,
2005). The Tr-HBX retained at least some activity even though
it contained Ser instead of Cys residues that are needed to
form disulfide bonds (de Moura et al., 2005; Rui et al., 2005),
insinuating that structural characterization of this Tr-HBX should
yield information that could help us to at least get a glimpse on
the structure-function behavior of HBX. Interestingly, Tr-HBX
appeared rather unstructured by CD in aqueous solution.

NMR spectroscopy is a powerful tool that provides detailed
structural characteristics of partially folded proteins or intrinsi-
cally unstructured/unfolded proteins (IUPs) at the amino acid
residue level (Chi et al., 2005; Kim et al., 2009; Lee et al., 2000;
2012). IUPs are peculiar proteins that are affiliated with a vari-
ety of biological functions including transcription, translation, and
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A KD M1 2 M 3 Fig. 1. (A) SDS-gel electrophoresis of Tr-HBX. The molecular weight of the
marker proteins (M) are indicated with lines. Lane M, molecular weight
F— el = marker; lane 1, before induction; lane 2, after induction; lane 3, purified Tr-
. . HBX. Coomassie brilliant blue was used for staining. (B) A MALDI-TOF
40— mass spectrum of Tr-HBX.
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cell signaling as well as critical diseases such as prion diseases,
amyloidgenesis, cancers, and viral infections but do not form
unique three-dimensional structures under non-denaturing con-
ditions (Chouard, 2011; Lee et al., 2012). Massive bioinformat-
ics predictions performed over the last decade suggest that
approximately one-third of the whole proteome consists of such
unorthodox proteins (Dunker et al., 2000; 2008; Uversky and
Dunker, 2010). Here we have studied the structural features of
intrinsically unfolded Tr-HBX using CD, two-dimensional het-
eronuclear NMR spectroscopy, and bioinformatics predictions.

MATERIALS AND METHODS

Site-directed mutagenesis

The Tr-HBX has a better solubility than the native HBX since it
lacks the hydrophobic amino acid residues at the N- and C-
termini. In order to prepare Tr-HBX we generated a HBX con-
struct of the adr serotype containing the amino acid residues
from 18 to 142 with 5 cysteines replaced by serines. The DNA
Tr-HBX fragment was amplified by PCR and subcloned to
pQE30 (Qiagen) with an N-terminal His tag via BamHIl and
Smal restriction sites. The mutation of cysteines to serines was
achieved using site-directed mutagenesis at the amino acid
residue positions of 61, 69, 78, 115, and 137 and was con-
firmed by DNA sequencing.

Expression and purification of Tr-HBX

E. coli strain BL-21(DE3), transformed with Tr-HBX DNA con-
taining pQES30 vector, was grown in an LB medium. Protein
expression was induced with 1 mM isopropyl-p-D-thiogalacto-
pyranoside (IPTG). The cells were then further cultivated at
20°C for 16 h, harvested by centrifugation and the bacterial
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pellet was resuspended in a lysis buffer (50 mM Tris-HCI, pH 8,
5 mM EDTA, 5 mM DTT, 1 mM PMSF) containing lysozyme (1
mg/ml). After incubation on ice for 30 min, cells were lysed.
Genomic DNA was digested by the addition of DNAse (5 U/ul).
After incubation for 20 min at 37°C, cells were sonicated using
an Ultra Cell TM (Sonics and Materials) and the pellet was
separated by centrifugation (24,900 x g for 25 min at 4°C). The
pellet was resuspended in the washing buffer (50 mM Tris-HCI,
pH 8, 5 mM EDTA, 5 mM DTT, 3 M Urea, 1% Triton X-100)
and then was solubilized in 50 mM Tris-HCI (pH 8) and 8 M
urea.

Protein sample preparation

The protein existing mainly in the supernatant fraction was puri-
fied using Ni-sepharose column (GE Healthcare) using an elu-
tion buffer composed of 10 mM Tris-HCI, 0.1 M sodium pho-
sphate (pH 8.0), 8 M urea, and 0.5 M imidazole. Further puirifi-
cation was completed by a SP-sepharose column (GE Health-
care) where the protein passed through the SP-sepharose
column and was eluted by increasing the salt concentration to 1
M NaCl. The purified protein was refolded by a serial dialysis
technique. For NMR experiments '°N-labeled Tr-HBX was pro-
duced whereas for CD measurements an unlabeled Tr-HBX
was prepared. The molecular weight of the purified protein was
confirmed by MALDI-TOF mass spectrometry (Fig. 1B).

CD spectropolarimetry

Circular dichroism (CD) experiments were performed on a
JASCO J-810 spectropolarimeter coupled to a water bath sys-
tem for temperature control. Measurements in the far-ultraviolet
region (210-260 nm) were carried out with a 1 mm path length
quartz cell (Hellma). The protein concentration was 20 uM in a
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Fig. 2. (A) Far-UV CD spectra of the purified Tr-HBX in 25 mM
sodium acetate (pH 6.0), 50 mM NaCl, 5 mM B-ME, 1 mM PMSF
and 10 uM EDTA. B, 0 M urea; @, 1 M urea; A, 4 Murea; %, 7 M

urea. [B] The mean residue ellipticity at 222 nm ([0]22,) of Tr-HBX vs.

urea concentration.

pH 6 buffered aqueous solution. Four scans were averaged for
each sample and the contribution of the buffer was always sub-
tracted. The observed optical activity was expressed as the
mean residue ellipticity [6] (degree cm? dmol™). CD data were
processed and analyzed on Spectra manager (version 2) and
Origin program (version 7).

Disorder prediction of Tr-HBX

To assess the degree of overall disorder and to delineate the
location of the disordered residues the amino acid sequence of
Tr-HBX was input into the IUPred (http://iupred.enzim.hu) pro-
gram, a web server specifically developed for predicting disor-
der in intrinsically unfolded proteins using estimated energy con-
tent (Dosztanyi et al., 2005). Scores above 0.5 indicate disorder
and a score of 1.0 indicating a completely disordered state.

NMR spectroscopy

NMR spectra were acquired using a Varian Unity INOVA 600
spectrometer or a Bruker DRX 900 MHz spectrometer equipped
with a cryo-detector. An NMR sample containing 0.36 mM "°N-
labeled Tr-HBX was prepared in 90% H,0, 10% 2H,0, 25 mM
sodium acetate (pH 6.0), 50 mM NaCl, 5 mM B-ME, 1 mM
PMSF and 10 pM EDTA. A two-dimensional (2-D) 'H-"°N het-
eronuclear single quantum coherence spectroscopy (HSQC)
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Fig. 3. An |UPred prediction of intrinsic disorder for native HBX. The

N-terminal ~50 residues show disorder scores > 0.5.

spectrum was collected at 10°C. All data were processed and
analyzed on a Sun SPARCstation using Varian Vnmr, nmrPipe/
nmrDraw (Delaglio et al., 1995), and Sparky software (Goddard
and Kneller, 2002).

RESULTS AND DISCUSSION

Purification of Tr-HBX

The expression of Tr-HBX resulted in a band with a molecular
weight of ~15 kDa in a 17% SDS-polyacrylamide gel (Fig. 1).
During the purification step, the protein concentration had to be
kept minimal in order to avoid formation of aggregates. Initially
Tr-HBX was obtained from the Ni-sepharose chromatography
and then further purified by the cation exchange chromatogra-
phy. The accurate mass of the Tr-HBX of the adr serotype was
confirmed by MALDI-TOF mass spectrometry.

Secondary structure content of Tr-HBX

A quick assessment of the secondary structure content and
folding properties of Tr-HBX was done by CD at several urea
concentrations (Fig. 2A). The CD spectra of Tr-HBX are typical
of IUPs. Based upon the mean-residue ellipticity at 222 nm
([0)22) which reflects the helical content in a protein we as-
sessed that Tr-HBX contained less than 10% of helix and some
f structures (turns and others). Interestingly, [6]x2» decreased
when the urea concentration was increased (Fig. 2B). Such a
denaturation profile cannot be obtained from a normal IUP,
which does not contain the tertiary structure to be destroyed
upon addition of urea. Therefore this result suggests that Tr-
HBX should be a hybrid type IUP where a disordered region
and a globular region coexist (Lee et al., 2012). Further support
to this conclusion comes from a disorder prediction on HBX by
the IUPred program shown in Fig. 3: the prediction shows that it
is the N-terminal ~50 residues in HBX encompassing the puta-
tive dimerization domain of HBX (Lin and Lo, 1989) or the N-
terminal ~30 residues in Tr-HBX which are disordered. Among
several IUP predicting programs, PONDR, Globplot and IUPred
seem to produce relatively more reliable results somewhat con-
sistent with experimental results (Uversky and Dunker, 2010).

NMR spectral analysis on Tr-HBX

Heteronuclear multidimensional (HetMulD) NMR spectroscopy
assisted with a stable isotope labeling technology is a powerful
technique for quantitatively investigating detailed structural
features in IUPs (Lee et al., 2000; 2012). A 2-D 'H-"°N HSQC
spectrum of a protein is used at the initial stage of structural
analysis to determine if a protein might be globular or intrinsi-
cally unfolded. A protein in the latter state usually shows a very
narrow chemical shift dispersion in both chemical shift dimen-
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Fig. 4. A two-dimensional 'H-""N HSQC spectrum of Tr-HBX in 25
mM sodium acetate (pH 6.0), 50 mM NaCl, 5 mM B-mercapto-
ethanol, 1 mM PMSF, 0.01 mM EDTA containing 90% H.O / 10%
®H,0 at 10°C.

sions of a 2-D "H-"°N HSQC spectrum (Chi et al., 2005; 2007;
Kim et al., 2008a; 2009; Lee et al., 2000; 2012). Figure 4 shows
a 2-D 'H-""N HSQC spectrum of Tr-HBX where the chemical
shift dispersion in the "H dimension is only ~0.6 ppm, indicating
that the protein is an IUP. The 2-D 'H-"°N HSQC spectrum
should in principle show cross peaks the number of which is
equal to the number of amino acid residues minus the number
of proline residues and one (the N-terminal residue). The
HSQC spectrum of Tr-HBX showing only ~80 cross peaks
instead of the expected 118 peaks indicates therefore that the
Tr-HBX is not a usual IUP but a hybrid type IUP (Lee et al.,
2012). The number of observable resonances in hybrid type
IUPs is fewer than in non-hybrid type IUPs due to the differ-
ences in the relaxation times of the folded region and an un-
folded region within one protein molecule. The number of ob-
servable peaks in several HSQC spectra obtained under vari-
ous solvent conditions (different buffers, temperatures, and pH)
is all similar (data not shown), indicating that the HSQC spectra
showing smaller number of resonances than expected is due to
the hybrid nature of Tr-HBX, not originating from experimental
artifacts. This result that Tr-HBX is a hybrid type IUP is consis-
tent with the results from CD and bioinformatics disorder predic-
tion indicating that Tr-HBX is a hybrid IUP.

Intrinsically unfolded nature of Tr-HBX

A native full HBX protein has never been subjected to NMR or
x-ray structural characterization due to a difficulty in obtaining
appropriate protein samples, either full HBX or smaller domains
whose structural properties would be relevant to that of full HBX
there is no indication that such a difficulty will be overcome in
the near future. The current work is our first step towards a
challenging goal of understanding the highly promiscuous and
unorthodox  structural-function behavior of HBX. Given that
IUPs do not produce a single crystal suitable for an x-ray crys-
tallographic analysis we have used NMR spectroscopy to study
the structural features of Tr-HBX with Cys—Ser mutations
which not only has an improved solubility but also retains some
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of the activity of the full HBX (Rui et al., 2005). Typical HetMulD
NMR experiments require at least a few mg of protein labeled
with stable isotopes such as °N or '*C. It is currently not possi-
ble to obtain such an NMR sample. We used "N labeled Tr-
HBX in this study because it was shown that recombinant Tr-
HBX at a concentration of ~1 mM could be prepared (Rui et al.,
2005), which is more or less an acceptable value for heteronu-
clear NMR experiments. Even though Tr-HBX is a shorter HBX
construct with two disulfide bonds removed we gather that its
overall topology should resemble that of full HBX to a reason-
able degree judging from that it retains some activity. By the
same token, we also speculate that full HBX may turn out to be
a hybrid type IUP like Tr-HBX. Well-known examples of a hy-
brid type IUPs include prions (James et al., 1997) and p53 (Lee
et al., 2000); in the former an unfolded N-terminal region con-
sisting of ~140 residues coexist with a globular C-terminal do-
main (residues 141-231) and in the latter two globular domains,
a DNA binding domain (DBD) and a tetramerization domain
(OD), coexist with an N-terminal intrinsically unfolded transacti-
vation domain (~70 residues) and a short C-terminal disordered
region (residues 361-393) (Uversky et al., 2008). Since the
most prominent property of IUPs is their promiscuous interac-
tion with many target proteins the results of our combined CD,
NMR, and the disorder prediction data provided a partial expla-
nation for the promiscuous behavior of HBX.

Promiscuity of viral proteins from HBV

Several viral proteins are known to be IUPs (Longhi, 2010). For
example, the preS1 surface antigen of HBV is an IUP whose
NMR structural characterization led to the discovery of a potent
HBV inhibitor (Chi et al., 2007; Kim et al., 2008a). HBX repre-
sents a second IUP found in HBV. Thus like many other viruses
HBV also appears to have adapted a strategy of using IUPs for
its survival as well as for infection. The unorthodox HBX protein
has been defying many attempts to study its structure-function
behavior for decades. In hindsight, we learned that the current
Tr-HBX construct is not a usual IUP and has structural features
pertinent to the hybrid type IUPs such that Tr-HBX is not opti-
mal for obtaining a full NMR resonance assignment needed for
determining its atomic resolution structure. In addition to provid-
ing an initial insight into the promiscuity of HBX this work sug-
gests that any future work aimed at analyzing the structural
features of short regions or domains of HBX should involve a
clever dissection of HBX into several (or at least two) constructs
each of which would produce reasonably NMR-observable
signals. One possibility is to take advantage of the fact that the
sum of NMR spectra from dissected regions of a mother IUP is
superimposable to the NMR spectrum of an entire mother IUP
as has been demonstrated in the case of tau protein (Mukrasch
et al., 2009).
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