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ABSTRACT: Hepatitis E virus (HEV) is a nonenveloped plus-stranded RNA virus that is a major cause of
acute hepatitis in many developing countries. Recent work has shown HEV may be endemic in developed
countries also. The 5′ two-thirds of the 7.2 kb single-stranded RNA genome of HEV encodes ORF1, and
the 3′ end encodes the structural proteins ORF2 and ORF3. ORF1 is the nonstructural protein involved
in viral RNA synthesis, and ORF2 is the major capsid protein, whereas ORF3 is a very small protein of
only 123 amino acids. The precise cellular functions of ORF3 protein remain obscure, although it has
been postulated to be a viral regulatory protein. To elucidate the role of ORF3 in viral pathogenesis, the
yeast two-hybrid system was used to screen a human liver cDNA library for proteins interacting with
ORF3. One of the ORF3-interacting partners thus isolated and identified was hemopexin, a 60 kDa acute-
phase plasma glycoprotein with a high binding affinity to heme. The two-hybrid result was validated by
in Vitro pull-down and co-immunoprecipitation assays and finally by intracellular fluorescence resonance
energy transfer. Using a deletion mapping approach, the hydrophobic domain II of ORF3 (spanning amino
acids 37 to 62) was found to be responsible for binding to Hpx, with amino acids 63 to 77 possibly
contributing to the strength of the interaction. The biological significance of this interaction in the virus
life cycle has been discussed.

Hepatitis E virus (HEV1) infection results in hepatitis E,
an acute and self-limiting disease. The disease is prevalent
in much of the developing world where HEV is known to
cause large epidemics (1-3). Recent work has shown that
HEV may be more common in developed countries than
originally thought (4-6). HEV is transmitted primarily by
the fecal-oral route, and fecally contaminated drinking water
is the most commonly documented vehicle of transmission.
However, recently it has been shown that eating raw or
undercooked meat might directly transmit HEV, suggesting
that hepatitis E may be a zoonotic disease (7).

The studies on HEV molecular biology and pathogenesis
have been severely restricted by the lack of an efficient cell
culture system for the virus and small animal models of viral
infection. In order to study different aspects of the virus,
the individual viral proteins are routinely expressed subge-
nomically from plasmid vectors. The 7.2 kb positive-sense
single-stranded RNA genome of HEV codes for three
proteins: ORF1, ORF2 and ORF3 (3). ORF1 is the putative
nonstructural polyprotein proposed to be involved in viral

RNA synthesis (8). ORF2 is the major capsid protein and
has been shown to be a viral glycoprotein, expressed both
intracellularly and on the cell surface (9), and also to bind
to the 5′ region of viral RNA (10). ORF3 is a small 123
amino acid protein currently of unknown function. It is a
viral phosphoprotein that associates with the cytoskeleton
upon cell fractionation (11), interacts with the ORF2 protein
(12), binds to src homology 3 domains of cellular signal
transduction proteins (13) and interacts with the liver specific
R1-microglobulin bikunin precursor (14) and its two pro-
cessed proteins,R1-microglobulin (14) and bikunin (15).
Recently our lab has also shown that enhancedR1-micro-
globulin secretion from ORF3 expressing human hepatoma
cells is mediated by the tumor susceptibility gene 101 (16).
All this clearly suggests that the ORF3 protein may have
multifarious regulatory functions.

In an effort to elucidate the properties of the ORF3 protein,
we opted for an approach to screen for host proteins that
interact with it. The yeast two-hybrid system has been well
documented as a good tool for screening and isolating
interacting partners (17). Using the ORF3 protein as “bait”,
we screened a human liver cDNA library and identified
human hemopexin (Hpx) as an interacting partner. Hpx is a
liver specific 60 kDa heme-binding acute-phase plasma
glycoprotein that transports heme to the liver for breakdown
and iron recovery (18). The ORF3-Hpx interaction was
validated using coupled transcription-translation pull-down
assays and co-immunoprecipitation experiments. When co-
expressed in COS-1 cells, ORF3 and Hpx colocalized, and
using variant enhanced green fluorescent protein (EGFP)
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fusions the interaction was further confirmed by fluorescence
resonance energy transfer (FRET) imaging microscopy.
Deletion analysis identified the 26 amino acid N-terminal
hydrophobic domain II of the ORF3 protein as the region
responsible for interacting with Hpx. Our data also suggests
that the 15 amino acid region downstream to the interaction
domain may contribute toward strength of this interaction.
The biological significance of this interaction and its possible
role in HEV-infected hepatocytes are discussed.

EXPERIMENTAL PROCEDURES

Strains and Plasmid Constructs. A GAL4 activation
domain (AD) fusion liver cDNA library in pACT2 vector
(pACT2-LL) was obtained from Clontech. pAS2-ORF3 [the
GAL4 binding domain (BD) fusion of ORF3], pAS2-ORF3
(S80A), pAS2-ORF3Mex, pSGI-ORF2, pSGI-ORF3 and
pRSET-ORF3 have been described previously (12, 19, 20).
pACT2-ORF3 (AD-ORF3) was cloned by ligating aSmaI/
XhoI fragment from pSGI-ORF3 into the same sites of
pACT2 vector. pAS2-Hpx (BD-Hpx) was cloned by ligating
SmaI/XhoI fragment from pACT2-Hpx (AD-Hpx, library
clone) intoSmaI/SalI sites in pAS2. Hpx was cloned in pSGI
vector as anEcoRI/XhoI fragment from pACT2-Hpx, such
that Hpx expression was under the control of T7 promoter.
ORF3 and Hpx deletions for yeast two-hybrid analysis were
made by designing appropriate PCR primers (Table 1) and
PCR amplifying and subcloning the deletions as BD- or AD-
fusions in pAS2 or pACT2 vector, respectively. Domain I
(lacking amino acids 16-32) and domain II (lacking amino
acids 37-62) deletions of ORF3 were made by carrying out
site directed mutagenesis by the Kunkel method using single
stranded pSGI-ORF3 plasmid DNA as template. The oligos
used for site directed deletions are given in Table 1. Deletion
mutants of Hpx were cloned in pSGI [pSGI-Hpx (251-462),
pSGI-Hpx (1-250), pSGI-Hpx (181-462) and pSGI-Hpx
(1-314)] as anEcoRI/XhoI fragment from the respective
pACT2-Hpx mutants shown in Table 1. All mutant constructs
were checked by sequencing. ORF3 (33-123), (1-77) and
(1-91) used for mammalian transfections have been de-
scribed before (11). EYFPN1-Hpx was cloned by PCR
amplification of pACT2-Hpx template with forward 5′
ccgctcgagatggctagggtactgggagc 3′ and reverse 5′ tcccccggg-
agtgagtgcagcccaggag 3′ primers and cloning the amplified
fragment at theXhoI/SmaI (underlined in the forward and
reverse primers, respectively) sites of EYFPN1 (Clontech).
All DNA manipulations were carried out as described by
Sambrook et al. (21). ECFPN1-ORF3 has been described
before (22). Yeast strains used were AH109 (MATa, trp1-
901, leu2-3, 112, ura3-52, his3-200, gal4∆, gal80∆,
LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-
ADE2 URA3::MEL1UAS MEL1TATA-lacZ) and Y187 (MATR,
ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112,
gal4∆, gal80∆, met-, URA3::GAL1UASGAL1TATA-lacZ
MEL1).

Yeast Two-Hybrid Techniques. All two-hybrid media and
protocols for library screening, transformations, yeast mating,
yeast plasmid isolation and filter lift and liquidâ-galactosi-
dase assays were as described in the Clontech manual for
the Matchmaker GAL4 two-hybrid system and in the
Clontech Yeast Protocols Handbook (available at http://
www.clontech.com).

In Vitro Transcription-Translation Assay. pSGI-Hpx and
its truncations or pSGI-ORF3 construct was employed in a
coupledin Vitro transcription-translation carried out with
the TNT T7 quick coupled reticulocyte lysate system
(Promega) according to the manufacturer’s guidelines in the
presence of [35S] cysteine/methionine (cys/met) promix (New
England Nuclear) to radiolabel the synthesized proteins.

In Vitro Histidine Pull-Down Assay. The prokaryotic
expression vector, pRSET-ORF3, for ORF3 expression and
production of the recombinant N-terminal hexa histidine
tagged ORF3 (His6-ORF3) protein inEscherichia coliBL21
(DE3) cells has been reported previously (20). Briefly, after
induction, theE. coli cells were pelleted and resuspended in
binding buffer (Tris-phosphate buffer, pH 8.0 containing 1
mM PMSF and 20 mMâ-ME). The bacterial pellet was
digested with lysozyme and subjected to three cycles of
freeze-thawing in liquid nitrogen. The His6-ORF3 protein
was obtained in the pellet fraction of the post-freeze-thawed
sample as insoluble inclusion bodies. The inclusion bodies
were then solubilized in the binding buffer containing 8 M
urea, and His6-ORF3 protein was purified by nickel-chelate
affinity chromatography on precharged Ni-NTA beads
(Qiagen) according to the manufacturer’s instructions. These
ORF3 bound beads were used directly for histidine pull-
down assays. Only Ni-NTA beads served as control. The
beads were washed three times in binding buffer. To the

Table 1: Primers and Oligos Used To Generate ORF3 and Hpx
Deletion Constructs Used in This Studya

ORF3/Hpx constructs PCR primers/oligos used

pAS2-ORF3 (1-91) FP 5′ ggaattccatatggataacatgtcttttgctgc 3′
RP 5′ aactgcaggttggcgaacacgaggtcc 3′

pAS2-ORF3 (1-77) FP 5′ ggaattccatatggataacatgtcttttgctgc 3′
RP 5′ aactgcagtcggggcgaaggggttgg 3′

pAS2-ORF3 (1-63) FP 5′ ggaattccatatggataacatgtcttttgctgc 3′
RP 5′ aactgcaggctgagaatcaacccggtc3′

pAS2-ORF3 (83-123) FP 5′ ggaattccatatgccggggctggacctcgt 3′
RP 5′ aactgcagggttagcggcgcggccc 3′

pAS2-ORF3 (33-123) FP 5′ ggaattccatatgcgccaccgcccggtcag 3′
RP 5′ aactgcagggttagcggcgcggccc 3′

pAS2-ORF3 (63-123) FP 5′ ggaattccatatgagcccttcgccccctatatt 3′
RP 5′ aactgcagggttagcggcgcggccc 3′

pACT2-Hpx (251-462) FP 5′ ggaattcatatgcctggcagaggccatggac 3′
RP 5′ ccgctcgagtcagtgagtgcagcccagg 3′

pACT2-Hpx (1-250) FP 5′ ggaattcatatggctagggtactgggagc 3′
RP 5′ ccgctcgagttagcagggcatgaagtagtctcg 3′

pACT2-Hpx (56-462) FP 5′ ggaattcatatggatgctaccaccctggatgac 3′
RP 5′ ccgctcgagtcagtgagtgcagcccagg 3′

pACT2-Hpx (96-462) FP 5′ ggaattcatatgcctgtggatgctgcattccg 3′
RP 5′ ccgctcgagtcagtgagtgcagcccagg 3′

pACT2-Hpx (181-462) FP 5′ ggaattcatatgtcctggccagctgttggga 3′
RP 5′ ccgctcgagtcagtgagtgcagcccagg 3′

pACT2-Hpx (1-314) FP 5′ ggaattcatatggctagggtactgggagc 3′
RP 5′ ccgctcgagttaccaggaaaaggcagcatccac 3′

pSGI-ORF3 DI del 5′ ggttctagaccatgctcgcgccac 3′
pSGI-ORF3 DII del 5′ ccaccgcccgagcccttcgc 3′

a The forward (FP) and reverse primers (RP) used to amplify the
different fragments are indicated. ORF3 deletions were PCR amplified
using pSGI-ORF3 as template and cloned in pAS2 vector usingNdeI
andPstI sites (underlined) in FP and RP, respectively, to generate ORF3
truncated proteins as a fusion to the BD. Hpx deletions were PCR
amplified using pACT2-Hpx as template and cloned in pACT2 vector
usingEcoRI andXhoI sites (underlined) in FP and RP respectively, to
generate Hpx truncated proteins as a fusion to the AD. The numbers
in parentheses represent the first and the last amino acids of the region
included in the protein. pSGI-ORF3 DI and DII del represent ORF3
protein in which domain I (spanning amino acids 16-32) and domain
II (spanning amino acids 37-62) were deleted, respectively.
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washed beads resuspended in 500µL of binding buffer was
added 5µL of [ 35S] labeledin Vitro translated Hpx protein.
Beads were incubated for 1 h at 4°C with constant shaking.
The beads were again washed, and bound protein complexes
were analyzed by adding 20µL of 2X SDS sample buffer,
boiling for 10 min and then resolving by 8% SDS-PAGE.
Bands were detected by fluorography.

Cell Culture and Transfection. HuH-7 and COS-1 cells
were maintained at 37°C and 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum, 100 U/mL penicillin and 0.1
mg/mL streptomycin. Cells were transfected at 60% con-
fluency with Lipofectamine Plus reagent (Life Technologies)
according to the manufacturer’s instructions. Cells were
transfected in either a 60 or 100 mm culture dish (for
immunoprecipitation) or a 6-well culture plate on glass cover
slips (for immunofluorescence microscopy).

Metabolic Labeling and Immunoprecipitation. At 44 h
post-transfection cells were washed twice with 1X PBS and
starved for 1 h in cys/met deficient medium and were then
labeled with 100µCi/mL of [35S] cys/met promix for 4 h.
After 4 h the cells were washed once with 1X PBS and lysed
in 500µL of immunoprecipitation (IP) buffer (20 mM Tris-
Cl, pH 7.5; 150 mM NaCl; 1% Triton X-100; 1 mM EDTA;
1 mM EGTA; 2.5 mM sodium pyrophosphate; 1 mM
â-glycerol phosphate; 1 mM sodium orthovanadate) supple-
mented with protease inhibitor cocktail. The lysates were
collected and clarified by centrifugation for 10 min at 13,-
000 rpm. For immunoprecipitation, an equal amount of
protein determined by protein quantification assay (Bio-Rad)
was incubated with 1µg of corresponding antibody overnight
at 4°C, followed by incubation with 100µL of 10% protein
A Sepharose suspension for 1 h. Beads were washed three
times in the IP buffer, boiled in 2X SDS sample buffer and
resolved by SDS-PAGE followed by immunoblotting or
fluorography.

Immunoblotting. The immunoprecipitated proteins were
resolved by SDS-PAGE and electroblotted onto nitrocel-
lulose membranes. The membranes were blocked with 5%
BSA for 1 h and then incubated with respective primary
antibody, again washed and incubated with appropriate HRP
conjugated secondary antibody. The proteins were then
detected by the ECL (enhanced chemiluminescence) detec-
tion method (Cell Signaling Technology) according to the
manufacturer’s protocol.

Microscopy and FRET Analysis. The procedure for colo-
calization and FRET analysis has been described previously
(22). COS-1 cells plated on coverslips were transfected with
ECFP-ORF3 and EYFP-Hpx expression constructs. FRET
was detected using the acceptor photobleaching approach as
described before (22). The increase in ECFP emission, which
is a direct measure of FRET efficiency, denoted asE%, was
calculated as [1- (ECFP emission before EYFP pho-
tobleach/ECFP emission after EYFP photobleach)× 100].
Superimposition of images was done using Adobe Photoshop
6.0 software.

RESULTS

The ORF3 Protein of HEV Interacts with Hemopexin. To
identify host proteins that interact with the ORF3 protein of
HEV, the matchmaker GAL4 based yeast two-hybrid system

(Clontech) was used to screen a human liver cDNA library.
Library scale screening was performed on 2× 106 cotrans-
formants. AH109 was transformed with pAS2-ORF3 and
then sequentially transformed with the liver cDNA library
(pACT2-LL). The cotransformants that contain positive
interacting partners with the bait protein result in the
activation of transcription of the three reporter genes:
histidine, adenine andâ-galactosidase lac Z gene. Thus the
cotransformants obtained above were tested for histidine
(His+) and adenine (Ade+) prototrophy by first plating on
triple negative synthetic dropout media SD-leu-trp-his-, and
grown colonies were further selected on quadruple negative
media SD-leu-trp-his-ade-and subsequently confirmed posi-
tive on the filterâ-galactosidase assay. The cDNA inserts
from the His+Ade+â-gal+ clones were sequenced to identify
the interacting partner. Sequence comparisons were done by
FASTA searches of the GenBank database (http://ww-
w.ncbi.nlm.nih.gov/). One such clone identified from the
screening was human hemopexin (Hpx) mRNA, GenBank
reference sequence NM_000613. The∼1.6 kb full-length
cDNA was independently isolated from 5 different clones
from the library screen.

Yeast Two-Hybrid Analysis of ORF3-Hpx Interaction. In
order to confirm the ORF3-Hpx interaction, the AD-Hpx/
library clone was reintroduced into AH109 along with BD-
ORF3 (Figure 1A). Self-association of ORF3, that has been
reported earlier (23), was used as a positive control for the
yeast two-hybrid assay. The empty BD- and AD- vectors
and bait (BD-ORF3) and prey (AD-Hpx) alone or in
combination (BD-+ AD- and BD- + AD-Hpx) served as
negative controls. Our results show that the histidine, adenine
andâ-galactosidase reporter activity was specifically turned
on only when ORF3 and Hpx were present together inside
the yeast host, allowing growth on SD-leu-trp-his-ade- and
blue color by the filterâ-galactosidase assay. A quantitative
estimation of the relative strengths of interaction between
ORF3 and Hpx in comparison to controls as judged by liquid
â-galactosidase assay is also shown graphically in Figure
1A. The liquidâ-galactosidase levels of ORF3-Hpx cotrans-
formant was almost 30 fold higher compared to the negative
controls and about 1.3 fold of the positive control. The
histidine reporter construct has residual histidine expression
that is overcome by growing cells in the presence of 3-amino-
1,2,4-triazole (3-AT). Only the ORF3 and Hpx cotransfor-
mants and the positive controls were able to grow in the
presence of 50 mM 3-AT, clearly displaying specificity and
strength of the interaction.

To eliminate false positives, a common problem with
interactions obtained from a library screen, and to assay the
specificity of a two-hybrid interaction, it is necessary to
reconfirm the two-hybrid interaction by a series of additional
transformations. The ORF3-Hpx interaction was thus veri-
fied using the yeast mating protocol, a convenient method
of introducing two plasmids into the same host cells. The
AH109 strain (mating type a) was transformed with BD-
ORF3 and Y187 (mating typeR) with AD-Hpx. The two
strains were mated, and diploids were analyzed for reporter
gene activity. All appropriate positive and negative controls
were used as above. The results (Figure 1B) again showed
that diploid cells are able to grow on SD-leu-trp-his-ade-

only when they harbor both ORF3 and Hpx constructs.
Additionally when Hpx was switched from AD- to the DNA-
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BD vector and ORF3 from the BD- to the AD- vector
(domain swapping), a positive two-hybrid interaction was
again obtained, indicating that ORF3-Hpx interaction is
independent of the fused domains.

In Vitro Verification of ORF3-Hpx Interaction. Once Hpx
that interacts with ORF3 was isolated from the library screen,
the next immediate challenge was to confirm this interaction
outside the yeast two-hybrid system. We thus performedin
Vitro histidine pull-down and co-immunoprecipitation assays.
First, E. coli BL21 (DE3) cells were transformed with
pRSET-ORF3 and processed as described under Experimen-
tal Procedures. The His6-ORF3 protein expression and the
protein bound to the Ni-NTA beads was verified by Coo-
massie blue staining and by Western blot with anti-his
antibody (data not shown). Expression of Hpx from pSGI-
Hpx expression construct was also verified usingin Vitro
coupled transcription-translation to produce [35S] labeled
protein of∼52 kDa as detected by fluorography (Figure 2A,
lane 3). The labeled Hpx protein was then incubated either

with the Ni-NTA beads alone or with beads to which His6-
ORF3 was bound. The Hpx protein was recovered by the
Ni-NTA-His6-ORF3 fusion protein (lane 1) but not by Ni-
NTA alone (lane 2). The results indicate that Hpx interacts
specifically with the ORF3 portion of the Ni-NTA-His6-
ORF3 fusion protein. Although Hpx protein bound to Ni-
NTA-His6-ORF3 (lane 1) represented 50% of the total input
(lane 3), the binding was reproducible in multiple experi-
ments. This low percentage of binding could be due to
imperfect binding conditions, an absence of necessary
cofactors, or the failure of translated Hpx to achieve an
authentic native conformation or modification.

Similar mixing experiments were performed with COS-1
cell extracts in place ofin Vitro translated Hpx. Hpx was
cloned with a C-terminal EYFP tag in mammalian expression
vector, pEYFPN1. COS-1 cells were transfected with the
pEYFPN1-Hpx construct. The cells were metabolically
labeled and the cell lysate was immunoprecipitated with anti-
GFP antibody or preimmune sera. After washing three times

FIGURE 1: Yeast two-hybrid analysis of ORF3-Hpx interaction. (A) Yeast strain AH109 was singly transformed or co-transformed with
empty BD- and AD- vectors or fused BD- and AD- expression constructs of ORF3 and Hpx. AH109 is the untransformed yeast host strain.
AD-ORF3 + BD-ORF3 co-transformant is the positive control for the yeast two-hybrid assay. AD-Hpx+ BD- is the negative control
indicating reporter gene activity is specifically turned on only in presence of ORF3. Yeast cells were plated on synthetic dropout medium
lacking leucine and tryptophan (leu-trp-) as co-transformation controls and to medium lacking histidine (his-) and adenine (ade-) to select
for yeast two-hybrid interactions at moderate (leu-trp-his-) and high (leu-trp-his-ade-) stringency. 50 mM AT represents leu-trp-his-ade-
medium to which 50 mM 3-amino-1, 2, 4-triazole has been added. Yeast plates were incubated at 30°C for 4 days.â-gal represents the
filter lift â-galactosidase assay. The horizontal bar graph represents relativeâ-galactosidase units determined from the liquidâ-gal assay.
(B) Results of yeast two-hybrid retest with Hpx. AH109a (mating type a) and Y187R (mating typeR) are two haploid host cells transformed
with either BD- or AD- plasmids or fused BD- and AD- expression constructs of ORF3 and Hpx. The diploid cells (separated by a slash,
/), harboring both the ORF3 and Hpx expression constructs turn on the reporter gene activity. The abbreviations used and negative and
positive controls are as described above. A positive two-hybrid interaction was also obtained when the Hpx- protein was expressed as a
fusion to the BD- vector instead of to AD- and ORF3 vice versa (domain swapping).
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with IP buffer, the EYFP-Hpx protein bound to protein A
Sepharose beads was mixed with [35S] labeled in Vitro
translated ORF3 protein (expressed from the pSGI-ORF3
construct), incubated for 4 h at 4 °C and the beads were
again washed three times in IP buffer. Any ORF3 protein
that associated with Hpx was then determined by fluorog-
raphy. Half of the sample was resolved by 8% (Figure 2B,
lower panel) and the other half by 15% SDS-PAGE (Figure
2B, upper panel), to detect EYFP-Hpx expression and
recovered ORF3, respectively. EYFP-Hpx fusion protein of
expected size, about 90 kDa, was specifically immunopre-
cipitated with anti-GFP antibody (Figure 2B, lower panel,
lane 3) and not with preimmune sera (lane 2). ORF3 was
recovered with EYFP-Hpx (upper panel, lane 3). As control,
pEYFPN1 plasmid expressing the 28 kDa EYFP protein
alone (lower panel, lane 1) was processed simultaneously
as above. The results indicated that ORF3 interacts specif-

ically with the Hpx portion of the protein A Sepharose-
EYFP-Hpx fusion protein. The binding was reproducible in
multiple experiments.

Hpx Co-Immunoprecipitates with ORF3 in Mammalian
Cells. The ORF3-Hpx interaction was also confirmed in a
mammalian cell environment. In mammalian cells, proteins
are more likely to be in their native conformations and to
have the appropriate post-translational modifications; there-
fore results are more likely to represent biologically signifi-
cant interactions. COS-1 cells were cotransfected with
EYFPN1-Hpx and pSGI-ORF3 (Figure 3A, lanes 1 and 2)
or EYFPN1-Hpx alone (lanes 3 and 4) or pSGI-ORF3 alone
(lanes 5 and 6). After metabolic labeling an equal amount
of protein from each sample was immunoprecipitated using
anti-ORF3 (lanes 2, 4 and 6) or anti-GFP antibody (lanes 1,
3 and 5). The samples were split into 2 equal halves; one
half was resolved by 8% SDS-PAGE (Figure 3A, upper
panel) and the other half was resolved by 15% SDS-PAGE

FIGURE 2: In Vitro verification of ORF3 interaction with Hpx. (A)
His6-ORF3 protein was expressed inE. coli and bound to Ni-NTA
beads. Equal amount ofin Vitro expressed radiolabeled [35S] Hpx
was added to His6-ORF3 bound to Ni-NTA beads (lane 1) or to
Ni-NTA beads alone (lane 2). Lane 3 is the amount of [35S] Hpx
used for each reaction. Samples were resolved by 8% SDS-PAGE
and bands detected by fluorography. The numbers to the left-hand
side of the panel indicate the position and size of the molecular
weight markers in kDa. (B) COS-1 cells were transfected with
EYFPN1-Hpx expression construct (lanes 2 and 3) and immuno-
precipitated with anti-GFP antibody (lower panel, lane 3) or with
preimmune sera (lane 2). Samples were resolved by 8% SDS-
PAGE and band detected by fluorography. Lower panel, lane 1
shows EYFPN1 transfected cells from which EYFP protein could
be specifically immunoprecipitated with anti-GFP antibody, as seen
by 15% SDS-PAGE. (Size of EYFP is 28 kDa while that of the
fusion EYFP-Hpx is about 90 kDa. The two figures have been
aligned side by side). The upper panel shows the pull-down of [35S]
ORF3 protein byin ViVo expressed EYFP-Hpx. [35S] ORF3 protein
was recovered by EYFP-Hpx protein bound to protein A Sepharose
beads (lane 3) and not with EYFP alone (lane 1) or when
preimmune serum was used (lane 2). Samples were resolved by
15% SDS-PAGE, and ORF3 protein was detected by fluorography.
The numbers to the left- and right-hand sides of the panels indicate
the position and size of the molecular weight markers in kDa.

FIGURE 3: EYFP-Hpx protein coprecipitates with ORF3 in mam-
malian cells. (A) COS-1 cells were cotransfected with EYFPN1-
Hpx and pSGI-ORF3 expression constructs (lanes 1 and 2) or with
EYFPN1-Hpx (lanes 3 and 4) or with pSGI-ORF3 (lanes 5 and 6)
alone. After metabolic labeling the cell lysate was immunoprecipi-
tated with anti-GFP antibody (lanes 1, 3 and 5) or with anti-ORF3
antibody (lanes 2, 4 and 6). Half of the sample was resolved by
8% SDS-PAGE (upper panel), and the other half was resolved by
15% SDS-PAGE (lower panel) followed by fluorography to detect
EYFP-Hpx and ORF3 expression, respectively. EYFP-Hpx and
ORF3 bands are indicated. EYFP-Hpx and ORF3 co-immunopre-
cipitate with both GFP and ORF3 antibodies (lanes 1 and 2,
respectively). A nonspecific cellular protein, marked by an asterisk,
coprecipitates with the ORF3 protein. (B) Endogenous Hpx co-
immunoprecipitates with ORF3 in HuH-7 cells. HuH-7 cells were
transfected with pSGI-ORF3 expression construct (lanes 1and 2)
and metabolically labeled. Half of the total cell lysate was resolved
by 8% SDS-PAGE and immunoblotted with anti-hemopexin
antibody to detect endogenous Hpx (lower panel), and the other
half was immunoprecipitated with polyclonal anti-ORF3 antibody
(lane 2) or preimmune serum (lane 1). One half of the immuno-
precipitated sample was resolved by 8% SDS-PAGE and immu-
noblotted with monoclonal anti-hemopexin antibody to detect co-
immunoprecipitated hemopexin (upper panel), and the remaining
half was resolved by 15% SDS-PAGE followed by fluorography
to detect ORF3 expression (middle panel).
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(lower panel) followed by fluorography to detect EYFP-Hpx
and ORF3 expression, respectively. EYFP-Hpx co-immu-
noprecipitated with ORF3 using anti-ORF3 antibody (upper
panel, lane 2). Reciprocally using anti-GFP antibody, ORF3
co-immunoprecipitated with EYFP-Hpx (lower panel, lane
1). As negative control, EFPN1-Hpx transfected cell lysate
was immunoprecipitated with ORF3 antibody (lane 4) and
vice versa, pSGI-ORF3 transfected cell lysate was immu-
noprecipitated with GFP antibody (lane 5). Lanes 3 and 6
are positive controls for EYFP-Hpx and ORF3 expression,
respectively. A nonspecific cellular protein, marked by an
asterisk, coprecipitates with the ORF3 protein as has been
reported earlier (19).

Association of ORF3 with hemopexin was further con-
firmed in the human hepatoma cell line, HuH-7. These cells
were transfected with pSGI-ORF3 expression construct
(Figure 3B, lanes 1 and 2). Half of the metabolically labeled
total cell lysate was resolved by 8% SDS-PAGE and
immunoblotted with anti-hemopexin antibody (mouse mono-
clonal, Abnova) to detect Hpx expression (lower panel). The
results show that the input level of Hpx is the same in the
lysates of samples 1 and 2. An equal amount of protein from
the rest of each sample was immunoprecipitated using anti-
ORF3 antibody (lane 2) or preimmune sera (lane 1). The
immunoprecipitated samples were split into two halves; one
half was analyzed by 8% SDS-PAGE (upper panel) and
immunoblotted with anti-hemopexin antibody to detect co-
immunoprecipitated endogenous hemopexin protein, and the
other half by 15% SDS-PAGE (middle panel) followed by
fluorography to detect ORF3 expression. The ORF3 protein
could coprecipitate endogenous hemopexin (upper panel, lane
2). As a negative control, mock transfected cell lysate was
immunoprecipitated using anti-ORF3 antibody and immu-
noblotted with anti-hemopexin antibody to rule out cross-
reactivity between Hpx and ORF3-antibody (data not shown).
The co-immunoprecipitation studies confirmed that ORF3
associates with endogenous hemopexin.

FRET Measurements of the ORF3-Hpx Interaction.To
detect ORF3-Hpx interactionin ViVo and to complement
the results of thein Vitro interaction assays, we studied the
localization of these proteins in transfected COS-1 cells to
assess interaction between them microscopically employing
FRET. This nonradiative energy transfer follows stringent
conditions of distance and dipole orientations between the
donor and acceptor fluorophores. The efficiency of energy
transfer is inversely proportional to the sixth-power of the
distance between donor and acceptor (24). Proteins fused to
the cyan (ECFP) and yellow (EYFP) colored variants of the
EGFP were used as the donor acceptor FRET pair. The
ECFPN1-ORF3 and EYFPN1-Hpx constructs were cotrans-
fected into COS-1 cells and imaged for ECFP (green pseudo
color) and EYFP (red pseudo color), as shown in Figure 4A,
panels I and II, respectively. The distribution of ORF3, as
observed earlier (12, 13), was cytoplasmic and displayed
punctate staining. The EYFP-Hpx was also cytoplasmic with
some perinuclear localization. The ORF3 protein colocalized
with Hpx. Effective colocalization resulted in the production
of golden yellow color upon superimposition of panel I over
II (panel III).

A total of 10 cells were imaged over two separate
experiments for FRET analysis. A representative image is
shown in Figure 4B. ECFP-ORF3 and EYP-Hpx expression

can be seen in panels I and II, respectively. ORF3 protein
colocalized with Hpx, as observed by the presence of yellow
colored areas in the superimposed image of panel I over panel
II (panel III). To make measurements independent of the
expression levels of the two fusion proteins, we followed
an acceptor photobleach protocol, as described previously
(22). The mean fluorescence intensity (MFI) from the donor
fluorophore (ECFP-ORF3) before and after photobleaching
of the acceptor fluorophore (EYFP-Hpx) was recorded, and
FRET efficiency was calculated. Panel IV shows ECFP-
ORF3 before photobleaching of EYFP-Hpx, and panel V
shows the same cell after photobleaching. MFI at two areas
within the same cell was recorded, one where the two
proteins colocalized (marked A, panels IV and V) and
another where no colocalization was observed, i.e., a negative
control (marked C). The MFI obtained in the different areas
is graphically shown in Figure 4B, before photobleaching
(BP) and after photobleaching (AP). An average percent
FRET efficiency of 14( 4.61 was found in the region of
colocalization as opposed to only 1( 0.9 in the noncolo-
calized control area. Since mere colocalization of two
proteins is not sufficient to yield energy transfer, the results
provide strongin ViVo support for a physical interaction
between the ORF3 and Hpx proteins. In our previous
publication (22) ECFP-ORF3 and EYFP-ORF3 pair was used
as a positive control in the FRET assay. An average percent
FRET efficiency of 26.4( 7.01 was found in the region of
colocalization as opposed to 8.68( 4.48 in the noncolocal-
ized control area. Coexpression of ECFP and EYFP vectors
alone was used as a negative control for the FRET assay
where a low percent FRET efficiency of 1.2( 1.19 was
observed.

Deletion Mapping of the Interacting Domains of the ORF3
and Hpx Proteins Using the Yeast Two-Hybrid System.To
characterize the domains involved in the ORF3-Hpx
interaction, an array of deletion mutations were constructed
for both ORF3 and Hpx and were cloned into the yeast two-
hybrid AD- and BD- vectors. Pairwise combinations of full-
length fusion constructs and deletion mutants of each fusion
construct were tested for protein-protein interaction by yeast
two-hybrid assay. The strength of these interactions was
investigated by measuring the relativeâ-galactosidase activity
and by the ability to grow in medium lacking histidine and
adenine in the presence of 0, 5, 10 and 20 mM 3-AT. The
latter results indicated the strength of the protein-protein
interaction as a function of histidine prototrophy. The two
truncations of the Hpx protein that express each half
separately both showed interaction with full-length ORF3
but with strength 2.6 fold less than the full-length protein.
None of the other deletion mutants showed interaction with
full-length ORF3 when tested in the yeast two-hybrid system
(Figure 5A). On the other hand ORF3 deletion mutants
showed both positive and negative results with various
different deletion mutants when tested with full-length Hpx
for two-hybrid interaction. The ORF3 (1-91) and ORF3 (1-
77) truncated proteins gave a positive interaction with full-
length Hpx in the yeast two-hybrid assay with strength of
interaction comparable to that obtained with full-length ORF3
(1-123). On the other hand, ORF3 (83-123) did not give
a positive two-hybrid result. These initial experiments
suggested that the region of ORF3 from amino acids 1-77
is involved in the interaction. To further narrow down the
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interaction domain, ORF3 (1-63) was studied. Although a
positive two-hybrid result was obtained, the strength of
interaction was about 2 fold less compared to full-length
ORF3 (1-123) as observed from the liquidâ-galactosidase
assay and ability to grow only up to 10 mM 3-AT. An
analysis of these results suggested that amino acids 63 to 77
are involved in the interaction, however, the presence of this
region alone is not sufficient to give a positive two-hybrid
result. This was evident by the negative two-hybrid results
obtained with the deletion construct ORF3 (63-123). ORF3
(33-123) again gave a positive result with strength com-
parable to full-length ORF3. This implied that the region
between amino acids 33 and 63 of ORF3 contains the
interaction domain. The results indicated that the minimal
region that supported full interaction, as analyzed by yeast
two-hybrid assay, was from amino acids 33 to 77. Loss of

amino acids 63 to 77 resulted in 50% loss of interaction,
but the region 33 to 63 was essential to observe any
interaction at all. The interaction domain identified is near
ORF3 Ser 80 amino acid residue, which has earlier been
shown to be phosphorylated (11). To see the effect of
phosphorylation on ORF3-Hpx interaction, ORF3 S80A
point mutant and the ORF3 protein of the Mexican isolate
(both of these proteins are not phosphorylated) were checked
for interaction with full-length Hpx. Both the proteins gave
a positive two-hybrid assay with Hpx, with strength of
interaction comparable to that obtained with full-length ORF3
(1-123) (Figure 5A).

N-Terminal Hydrophobic Domain II of the ORF3 Protein
Binds to the Full-Length Hemopexin Protein Assayed by Co-
Immunoprecipitation Analysis.The yeast two-hybrid results
were verifiedin ViVo in COS-1 cells. The ORF3 protein and

FIGURE 4: Colocalization of ORF3 with Hpx in COS-1 cells and FRET analysis of ORF3-Hpx interaction. (A) COS-1 cells were cotransfected
with ECFP-ORF3 and EYFP-Hpx expression constructs. 48 h post-transfection, cells were separately imaged for ECFP (panel I, green
pseudocolor) and EYFP (panel II, red pseudocolor). Areas where the two proteins colocalize result in the production of yellow color upon
superimposition of panel I over II (panel III). (B) COS-1 cells were cotransfected with ECFP-ORF3 and EYFP-Hpx expression constructs.
48 h post-transfection, cells were separately imaged for ECFP (panel I, green pseudocolor) and EYFP (panel II, red pseudocolor). Areas
where the two proteins colocalize result in the production of yellow color upon superimposition of panel I over II (panel III). The ECFP
images before photobleach (panel IV) and after EYFP photobleaching (panel V) are shown. Histograms of the mean fluorescence intensity
(MFI) of ECFP in the area of colocalization (A) and in the region where the two proteins do not colocalize (C) are shown, either before
(BP) or after photobleaching (AP) of EYFP. The numbers on the top right-hand side of these panels indicate the MFI value of that area.
Representative images are shown from a total of 10 cells imaged over two separate experiments.

The ORF3 Protein of HEV Interacts with Hemopexin Biochemistry, Vol. 47, No. 7, 20081963



1964 Biochemistry, Vol. 47, No. 7, 2008 Ratra et al.



its deletion constructs used for expression in mammalian cells
have been described under Experimental Procedures and
illustrated in Figure 5B. An analysis of the 123 amino acid
ORF3 protein shows two N-terminal hydrophobic domains
(domains I and II) and the two C-terminal proline-rich
regions (P-1 and P-2) (13, 25), which are indicated. These
deletions were cotransfected with EYFPN1-Hpx into COS-1
cells. One-third of the metabolically labeled total cell lysate
was resolved by 8% SDS-PAGE and immunoblotted with
anti-GFP antibody to detect EYFP-Hpx expression (Figure
5C, lower panel), and the rest of the sample was immuno-
precipitated using either ORF3 antibody [for ORF3 (1-123),
ORF3 DI del, ORF3 DII del and ORF3 (33-123)] or anti-
his tag antibody [for ORF3 (1-77) and ORF3 (1-91)]. The
C-terminal ORF3 deletions (1-77) and (1-91) express
truncated proteins with an N-terminal fusion of a hexa
histidine tag as well as a phage T7 gene 10 epitope (11).
This design was used to enable the immunoprecipitation of
C-terminally deleted versions of ORF3, since the anti-ORF3
rabbit polyclonal antibody used in the study predominantly
recognizes the immunodominant region encompassing resi-
dues 90-123 (11). One half of the immunoprecipitated
sample was resolved by 8% SDS-PAGE and immunoblotted
with anti-GFP antibody to detect co-immunoprecipitated
EYFP-Hpx (Figure 5C, upper panel) and the remaining half
was resolved by 15% SDS-PAGE followed by fluorography
to detect ORF3 expression (Figure 5C, middle panel). As
expected, the ORF3 full-length protein was able to associate
with and hence pull-down Hpx (Figure 5C, upper panel, lane
1). The ORF3 truncated proteins including amino acids 33-
123, 1-77 and 1-91 and the Domain I deleted construct
could also pull-down Hpx (Figure 5C, upper panel, lanes 4,
5, 6 and 2, respectively). These results corroborated with
the yeast two-hybrid results. Further the ORF3 mutant, in
which domain II has been specifically deleted, did not co-
immunoprecipitate Hpx (upper panel, lane 3). The middle
panel shows the expression of the ORF3 protein and its

deletions in corresponding samples. The equal intensities of
the EYFP-Hpx band in all the lanes in the lower panel show
that the Hpx fusion protein expression is equal in all the
transfected samples. Together, these experiments confirm that
the hydrophobic domain II of the ORF3 protein, spanning
amino acids 37 to 62, is responsible for interacting with Hpx.
There were quantitative differences between the amount of
ORF3 protein and its deletions expressed in cells (compare
lanes 1-6, middle panel) and hence also in the amount of
EYFP-Hpx associated with them (compare lanes 1-6, upper
panel). The different expression levels of the ORF3 trunca-
tions could also be the result of possibly different specificities
of the antibodies used to immunoprecipitate the truncated
proteins. Densitometry analysis was thus conducted to
quantify the amount of protein that was pulled-down.
Densitometry analyses were made using ImageJ software V.
1.36b supported by Wayne Rasband (National Institutes of
Health,) by integrating intensities of all the pixels in the band
excluding the background. To normalize for different expres-
sion levels, the data is reported graphically as the ratio of
the band intensity of the Hpx protein co-immunoprecipitated
in the individual lanes in the upper panel to the band intensity
of the ORF3 protein (full length or its truncations) in the
corresponding lanes in the middle panel (Figure 5C). The
domain II deleted mutant reproducibly showed no co-
immunoprecipitation of Hpx protein.

In the yeast two-hybrid assay, only the N- and C-terminal
Hpx truncations showed interaction with full-length ORF3
(Figure 5A). Due to differences in the yeast cell physiology
andin Vitro interaction assays, Hpx protein truncations were
checked for interaction with ORF3 by thein Vitro histidine
pull-down assay also, as described under Experimental
Procedures. Expression of Hpx truncations (251-462), (1-
250), (181-462) and (1-314) from the pSGI expression
constructs was verified usingin Vitro coupled transcription-
translation to produce [35S] labeled protein of the expected
molecular weights as detected by fluorography (Figure 5D,

FIGURE 5: Deletion mapping of the regions in ORF3 and Hpx responsible for interaction. (A) Mapping using the yeast two-hybrid system.
The deletion mutants constructed for ORF3 and Hpx were cloned into pAS2 (BD-) or pACT2 (AD-) yeast two-hybrid vectors, respectively,
and tested for their ability to interact with full-length AD-Hpx or BD-ORF3. The first column gives the overview of the deletion mutants
that were assayed. The numbers above the boxes represent the first and the last amino acid of the regions included in the truncated protein.
BD-ORF3 (S80A) is the ORF3 Ser80Ala point mutant and BD-ORF3Mex is the protein from the Mexican isolate. All abbreviations used
are as described in Figure 1. Interaction data obtained with co-transformants that are able to grow in leu-trp- medium is shown. Interactions
were assayed for histidine and adenine prototrophy (ability to grow in leu-trp-his-ade- medium) in the presence of 0, 5, 10 or 20 mM
3-AT. The horizontal bar graph represents relativeâ-galactosidase units determined from the liquidâ-gal assay. (B) The ORF3 protein and
its mutants assayed for interaction with EYFP-Hpxin ViVo by co-immunoprecipiattion analysis are illustrated. The two N-terminal hydrophobic
domains, domains I and II, and the two C-terminal proline-rich regions (P1 and P2) are shown for the full-length protein. The numbers
indicate the amino acids at the boundaries of the various domains, regions and mutants. (C) Co-immunoprecipitation assay showing ORF3-
Hpx interaction. The full-length ORF3 and its various deletions described above were cotransfected with EYFPN1-Hpx into COS-1 cells.
44 h post-transfection, cells were labeled with [35S] cys/met labeling mix for 4 h and then harvested in IP buffer. One-third of the total cell
lysate was resolved by 8% SDS-PAGE and immunoblotted with anti-GFP antibody to detect EYFP-Hpx expression (lower panel). The
lower panel shows the Hpx fusion protein expression is equal in all the transfected samples. The rest of the sample was immunoprecipitated
using anti-ORF3 antibody (lanes 1, 2, 3 and 4) or anti-his tag antibody (lanes 5 and 6). One half of the immunoprecipitated sample was
resolved by 8% SDS-PAGE and immunoblotted with anti-GFP antibody to detect co-immunoprecipitated EYFP-Hpx (upper panel), and
the remaining half was resolved by 15% SDS-PAGE followed by fluorography to detect ORF3 expression (middle panel). The ORF3
(1-77) and ORF3 (1-91) bands are indicated with an arrowhead (lanes 5 and 6, respectively, middle panel). ORF3 full-length (1-123),
domain I deleted (ORF3 DI del), ORF3 domain II deleted (ORF3 DII del), ORF3 (33-123) and ORF3 (1-77) expressed proteins are the
lower bands clearly seen in lanes 1, 2, 3 and 4, respectively. EYFP-Hpx band is indicated. The interaction data is reported graphically as
the ratio of Hpx band intensity (upper panel) in each lane to that of the corresponding expressed ORF3 full-length protein or its truncation
(middle panel). (D) The upper panel is a control gel showing Hpx deletions expressed using coupled transcription-translation system.
Major bands show the expressed proteins of interest and correspond to their calculated molecular weight. The numbers to the left-hand side
of the panel indicate the position and size of the molecular weight markers in kDa. The lower panel shows Hpx (251-462) and (1-250)
interact with ORF3 (lanes 1 and 2, respectively) inin Vitro histidine pull-down assay. (E)In Vitro histidine pull-down assay to study
ORF3-Hpx interaction as described in Figure 2, but in the presence of increasing amount ofin Vitro expressed cold ORF2 protein. Lane
1 shows the Hpx protein recovered by His6-ORF3 in absence of exogenously added ORF2. Lanes 2, 3 and 4 show the Hpx binding when
5, 10 and 15µL ORF2, respectively, is added.
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upper panel). The labeled Hpx proteins were then incubated
with Ni-NTA beads to which His6-ORF3 was bound. Results
obtained corroborated our yeast two-hybrid data. Only the
two N- and C-terminal truncations of the Hpx protein were
recovered by the Ni-NTA-His6-ORF3 fusion protein (Figure
5D, lower panel, lanes 1 and 2), while the truncations larger
than these do not support interaction (lanes 3 and 4).

The interaction domain found in our studies, involving
domain II and amino acids 63-77, partially overlaps with
the region in the ORF3 protein (amino acids 57-81) known
to interact with ORF2 (12). This prompted us to ask whether
the ORF3-ORF2 interaction had any bearing on the ORF3-
Hpx interaction. For this a competition assay was done
where, in thein Vitro histidine pull-down assay, increasing
amounts ofin Vitro transcribed-translated cold ORF2 were
added and the effect of the addition of ORF2 on ORF3-
Hpx interaction was observed. The results are shown in
Figure 5E. It was observed that addition of 5 or 10µL of
ORF2 TNT reaction did not inhibit Hpx binding to ORF3
(compare lanes 2 and 3 with lane 1). However addition of
15 µL ORF2 (lane 4) to the pull-down reaction slightly
decreased the amount of Hpx protein recovered by His6-
ORF3.

DISCUSSION

HEV per se is a poorly studied virus. Subgenomic
expression strategies have been used to study the properties
and functions of individual HEV gene products toward
understanding their role in viral replication and pathogenesis
(9, 11, 19). For our study also, as has been done for all
previous published reports, we expressed the ORF3 protein
in cells and studied its interaction with hemopexin. There
have been no reports so far that have studied the physiologi-
cal levels of ORF3 either in patient samples or in animal
models. Previous studies suggest that ORF3 has multifarious
activities that involve its interactions with host cellular
proteins (11, 13, 22). In the present study we identified Hpx
as a novel interacting partner of ORF3 protein of HEV by
using a yeast two-hybrid screen. We verified Hpx to be a
true positive by performing retests independently with pAS2-
ORF3 (BD-ORF3) bait or an empty pAS2 (BD-) plasmid.
Truly positive AD/library plasmids activate reporter genes
only when the original bait plasmid is also present. Yeast
mating experiments and domain swapping further demon-
strated specificity of the interactions.

In Vitro pull-down assays were employed to validate
ORF3-Hpx interaction. Reciprocal co-immunoprecipitation
assays also clearly indicated the direct interaction between
the two proteins in transfected COS-1 cells. It was also
demonstrated that ORF3 interacts with endogenous Hpx in
human hepatoma cells. Further in COS-1 cells the Hpx and
ORF3 proteins were shown to colocalize. It is important to
note here that although most of the ORF3 and Hpx proteins
imaged colocalize (as can be seen by the presence of yellow
spots in the merged panels in Figure 4), there are regions in
the cell where no colocalization was observed. This is
expected as Hpx, a secreted protein, would have the classical
ER/Golgi/vesicles distribution. For ORF3 the exact cellular
localization is not well established. So it is likely that the
two proteins are in the same cellular compartment at some
stage of the trafficking event or normal cellular processing

of these proteins, where colocalization occurs. On the other
hand mere colocalization of two proteins does not imply that
they interact. Interaction between these proteins was thus
confirmed byin ViVo FRET measurements (26) using ECFP
(donor) and EYFP (acceptor) fused upstream to ORF3 and
Hpx, respectively. The ECFP-EYFP pair is a commonly
used donor-acceptor pair ideally suited for FRET measure-
ments. FRET exploits the ability of the higher energy donor
fluorophore (ECFP) to transfer some of its energy to the
acceptor fluorophore (EYFP) in its excited state. Following
FRET, there is a reduction in the donor emission due to the
transfer of energy and an increase in the acceptor emission.
However, in the acceptor photobleaching method used in this
study, after photobleaching of the EYFP acceptor, there
should be an increase in emission from the ECFP donor if
FRET is taking place. This is because the acceptor fluoro-
phore is no longer able to quench the donor emission. Based
on this method, we show here significant percent FRET
efficiency of 14( 4.61 between ECFP-ORF3 and EYFP-
Hpx, supporting thein Vitro results that ORF3 and Hpx
interact with each other.

The critical regions for protein-protein interaction were
mapped by yeast two-hybrid andin ViVo co-immunoprecipi-
tation assays carried out in the presence of different deletion
mutants of ORF3 and Hpx. Specifically, the N-terminal
hydrophobic region of the ORF3 molecule, comprising amino
acid residues 37 to 62, was identified as the domain
responsible for interaction, since the protein lacking this
region failed to interact with full-length Hpx in both the yeast
two-hybrid and co-immunoprecipitation assay. This region
of ORF3, domain II, is the second of its two N-terminal
hydrophobic domains and is rich in aliphatic and aromatic
hydrophobic residues. Our yeast two-hybrid data also sug-
gested that amino acids 63 to 77 possibly contribute to the
strength of the interaction. In the yeast two-hybrid assay
C-terminally truncated ORF3 protein, ORF3 (1-77) and
ORF3 (1-91), as well as the N-terminally truncated ORF3
(33-123), were convincingly demonstrated to interact with
full-length Hpx as strongly as does the full-length ORF3
protein. Also, both the phosphorylation deficient constructs
of ORF3 [ORF3 (S80A) and ORF3Mex] interacted with Hpx,
indicating that phosphorylation of ORF3 is not a prerequisite
for ORF3-Hpx interaction. In co-immunoprecipitation as-
says from transfected COS-1 cells also the full-length ORF3
and its mutants (except domain II deletion) were shown to
interact with Hpx. Further, unlike the equal expression of
YFP-Hpx in all transfected samples, the different ORF3
deletion constructs expressed unequal protein amounts. ORF3
(33-123), ORF3 (1-77) and ORF3 (1-91) constructs
expressed higher levels of protein followed by the full-length
expression construct, and comparatively lesser protein ex-
pression was obtained for DI and DII deletions. This could
be a consequence of the two different antibodies used and
also the specificity of each toward the different truncations.
Interestingly the interaction domain found in our studies,
involving domain II and amino acids 63-77, partially
overlaps with the region in the ORF3 protein (amino acids
57-81) known to interact with ORF2 (12). Strategic
overlapping of the interaction domains may be a possible
mechanism to ensure regulation of these interactions. Steric
hindrance may ensure only one interaction at a given time.
Alternatively, these interactions might be far removed from
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each other in the cell, spatially or temporally, and hence each
may bear no relation to the other whatsoever. In thein Vitro
pull-down assay it was observed that only a very high input
of ORF2 protein could slightly inhibit the ORF3-Hpx
binding. This suggests that the ORF3-ORF2 and ORF3-
Hpx interaction may be mutually exclusive or spatially or
temporally removed from each other in the cell. Further the
ORF3-ORF2 interaction requires ORF3 to be phosphory-
lated (12) which is not a prerequisite for ORF3-Hpx
interaction as shown by the yeast two-hybrid assay. Also
our data suggests that ORF3 can interact with Hpx irrespec-
tive of its glycosylation status. Endogenous Hpx and that
expressed in transfected COS-1 cells is glycosylated while
the TNT expressed protein is not. However, ORF3 has been
shown to preferentially interact with the non-glycosylated
form of ORF2 (12). Thus in our study the known ORF3-
ORF2 interaction has been shown not to have any effect on
ORF3-Hpx interaction.

According to UniProt (the universal protein knowledge
base, http://www.ebi.uniprot.org) the human Hpx protein
(primary accession number P02790) contains 5 hemopexin-
like domains/hemopexin-type repeats, spanning amino acids
56-95, 97-141, 188-231, 263-306 and 308-353. Several
deletion constructs of Hpx were made designed around these
regions, and tested for their ability to interact with the full-
length ORF3. Attempts to identify interacting domains in
the Hpx polypeptide failed, and none of the deletions tested
retained the ability of the protein to associate with ORF3 in
the yeast two-hybrid assay or inin Vitro pull-down assay.
Perhaps the smaller truncations occur within the same subunit
and are therefore highly dependent on the 3-D structure of
the whole protein in order to bring different parts of the
peptide into close proximity, thus disrupting the conformation
and also abolishing the interaction. Only the two large
truncations of Hpx, which divide the molecule into the two
structurally similar halves, the N- and C-terminal Hpx
domains (18, 27, 28), showed positive in yeast two-hybrid
assay, but with strengths nearly 3 fold less than full-length.
These two truncations also interacted with ORF3 inin Vitro
assay.

The Hpx protein, mainly produced by the parenchymal
cells of the liver, consists of a single polypeptide chain
containing 439 amino acids residues (excluding the 23 amino
acid signal sequence), with six intrachain disulfide bridges
(18, 27, 28). It is heavily glycosylated protein with 20%
carbohydrates. Hpx is an acute phase protein and is the major
heme transporter in plasma, is a player in iron homeostasis
and also regulates gene expression (29) to promote cell
survival. These activities of Hpx become significant during
acute infection (30). Hence the interaction of ORF3 with
Hpx may interfere with the latter’s role as an acute phase
reactant.

Heme in circulation is rapidly sequestered by Hpx and in
doing so Hpx protects cells against hemoglobin-mediated
oxidative damage during intravascular hemolysis. A case of
acute viral hepatitis E has been reported with severe
intravascular hemolysis (31). Under such conditions, the
ORF3-Hpx interaction may be significant to viral patho-
genesis, as evidenced by a defective recovery and severe
renal damage after acute hemolysis in Hpx deficient mice
(32). Hpx protects cells against heme-mediated damage by
activating N-terminal c-jun kinase and the antiapoptotic

transcription factor NFκB (33). Further, Hpx plays an
important link between heme and iron metabolism and
together with haptoglobin and transferrin maintains iron
homeostasis (34). ORF3-Hpx interaction may disturb this
balance toward viral benefit as seen with some other viruses.
There are reports that show that iron deposition in hepato-
cytes facilitates viral infection (35) and that viral infection
increases serum ferritin concentration and increases iron
accumulation in several tissues (36). In in Vitro experiments
also, levels of iron have been reported to influence viral
replication (37).

In our studies, the interesting and possibly significant
observation was the weak interaction that was obtained
between ORF3 and the two Hpx domains. Analysis of the
internal homology in amino acid sequence indicates that Hpx
comprises two homologous domains (with about 25% amino
acid identity) of about 200 residues each (spanning amino
acid regions 48 to 238 and 256 to 462), joined by a 20 residue
linker. Each of the two Hpx domains is in turn made up of
several Hpx-type repeats of about 35-45 residues (38). Hpx
domains are also found as C-terminal domains in matrix
metalloproteinases (MMPs) and are a common structural
motif found in all but two MMPs (MMP-7 and MMP-26).
MMPs are Zn2+- and Ca2+-dependent endopeptidases, which
function in the turnover of ECM components. MMPs also
have diverse roles in modulating the immune response to
infection. They facilitate leukocyte recruitment, cytokine and
chemokine processing and defensin activation (39). Despite
the overall structural similarity of all Hpx-like domains, they
possess many different properties that are MMP specific. For
instance the Hpx domain has been shown to function in
protein substrate recognition (40) and in enzymatic regulation
and subcellular localization of MTI-MMP (41, 42) while the
Hpx-like domain of MMP-9 is an antagonist of enzyme
activity (43).

Two Hpx-like domains are also present in vitronectin, a
matrix glycoprotein. Liang et al. identified by phage display
a hydrophobic pentapeptide motif within the Hpx-type
repeats of vitronectin to be recognized by specific surface
components ofStreptococcus pyogenescells (44). Moreover
cells of S. pyogeneswere shown to bind to the synthetic
peptide as well as to immobilized Hpx, which have structural
homology to the Hpx-type repeats in the vitronectin mol-
ecule. Further, solubilized vitronectin inhibited binding to
Hpx. ThusS. pyogenescells can bind to Hpx-like domains
of both vitronectin and Hpx since they are structurally
homologous. Likewise, since ORF3 was shown unequivo-
cally to bind Hpx and its two domains, other Hpx-domain
containing proteins, like MMPs, could also be potential
targets for ORF3 binding. By binding to MMPs Hpx-like
domains, ORF3 could modulate many of the activities of
MMPs that have been shown to have an important role in
the normal immune response to infection (39, 45, 46).

In our previous publications (14-16), we have shown that
ORF3 interacts withR1-microglobulin and bikunin and
possibly creates an immunosuppressive environment around
the infected liver cell. In the present study, we identified
yet another host protein, hemopexin, which interacts with
ORF3. Hpx plays important roles in inflammation, and the
Hpx-like domain containing MMPs modulate immune re-
sponse to infection. Further, the importance of Hpx domains
in these different proteins, with different functions attributed
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to the Hpx domain in each, cannot be understated. Hence
the ORF3-Hpx interaction must have significant bearing on
viral pathogenesis. A future study of viral pathogenesis will
reveal the physiological significance of this interactionin
ViVo.
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