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Abstract Up to now, little is known about hepatitis B

virus core protein (HBc) interactions with host-cell pro-

teins, although such interactions might be essential for

virus propagation and pathogenicity. In this work, a human

liver cDNA library was screened for proteins interacting

with HBc. Among several HBc-interacting partners selec-

ted, it interacted most strongly with the human protein

GIPC1. A common protein interaction domain, PDZ, was

identified as the region that is sufficient for the interaction

with HBc. The core protein has a putative C-terminal PDZ-

interacting motif, and this sequence proved to be important

for the interaction with GIPC1.

Hepatitis B virus (HBV) remains a major health problem,

causing various clinical manifestations from asymptomatic

to fulminant and acute hepatitis. Chronic infection can

develop to cirrhosis or hepatocellular carcinoma [2].

Although HBV is relatively well studied, little is known

about its core protein interactions with host proteins. There

is emerging evidence, however, that structural proteins can

play a significant role in viral pathogenesis. For example,

human hepatitis C virus core protein is involved in apop-

tosis, immunomodulation, oxidative stress, carcinogenesis,

and other processes [10]. In order to clarify the role of viral

structural proteins in the pathogenesis of HBV-infected

hepatocytes, it is necessary to investigate their interactions

with host-cell proteins. The discovery of interactions might

be helpful in identification of human proteins participating

in important stages of the virus life cycle, such as virus

entry and transport of nucleocapsids to the nucleus

[13, 22]. Established protein contacts could serve as targets

for antiviral chemotherapy.

In the present work, the yeast two-hybrid system was

employed to search a human liver cDNA library for human

proteins interacting with HBV core protein (HBc). The

full-length core gene was amplified by PCR from the HBV

ayw genome [3], kindly provided by Prof. P. Pumpens

(Biomedical Research and Study Center, University of

Latvia, Riga) and inserted into plasmids pLexA and

pB42AD (Clontech). Yeast strain EGY48 (p8op-lacZ)

transformed with pLexA-HBc expressed the fusion protein

of expected size. Activation of reporter genes was detected

by plating transformed yeast on SD/Gal/X-gal (galactose

instead of glucose, 0.1 mg/ml of X-gal added) as well as on

SD/Gal/-Leu (lacking leucine) medium. As expected, the

interaction between HBV core hybrids was strong, whereas

negative control SV40 virus T-antigen did not interact with

HBc.

Interacting human proteins were screened by trans-

forming LexA-HBc yeast cells with a human adult liver

cDNA library inserted into plasmid pB42AD (obtained

from Clontech). More than two million transformed cells

were plated on medium lacking leucine, and nearly 300

resulting colonies were tested for b-galactosidase activity.

False-positive and weakly positive clones were discarded,

and 22 selected plasmids were sequenced. BLAST analysis

identified the selected sequences as human cDNAs for

GIPC1, GIPC2 [14], ribosomal protein L5, and fibrinogen

polypeptides alpha and gamma. The interaction specificity

of each selected protein was evaluated by measuring

interactions between various proteins selected during the

two-hybrid screening. Core interaction with three sequenced

GIPC1 clones was strongest (Table 1) and specific, and this

interaction was analyzed further.
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GIPC1 (also known as GIPC, TIP-2, GLUT1CBP,

RGS19IP1, synectin, SEMCAP, NIP, and IIP-1) is a human

protein that interacts with several cellular proteins [5–7,

25] as well as with viral proteins [8, 21]. In most cases,

these interactions occur at the PDZ domain, which initially

was identified by uniform sequence repeats in PSD-95,

Dlg, and a tight junction protein ZO-1 [15]. PDZ domains

are built of 80–100 amino acid residues specialized for

binding the C-termini of partner proteins, most often

transmembrane receptors and channel proteins, or other

PDZ domains [12]. The two-hybrid screen resulted in

nearly full-length GIPC1 cDNA fragments with an intact

PDZ domain. To test whether the PDZ domain is involved

in the interaction with HBc, two-hybrid plasmids contain-

ing the PDZ domain only (residues 124–228), the PDZ

domain with the adjacent C-terminal region, and the

C-terminal region only were constructed. GIPC1 61–333,

GIPC1 124–333, and GIPC1 124–228 fusions with LexA

were able to interact with the core protein-AD domain

fusion, whereas GIPC1 260–333 did not interact (Fig. 1a).

These results imply that the PDZ domain is responsible for

the interaction with the HBV core protein.

PDZ domains usually interact with three or four C-ter-

minal amino acids of their protein partners; therefore, it

was presumed that GIPC1 interacts with the C-terminus of

the core protein. To test this hypothesis, a two-hybrid

plasmid containing amino acids 141–183 of HBc was

constructed. Experiments indicated that the C-terminus of

the core protein is sufficient for the interaction with GIPC1

(Fig. 1b). To determine whether terminal amino acids of

HBc are indeed important for the interaction with GIPC1,

four C-terminal residues were removed. The altered

C-terminus (Ser-Gln-Ala-Arg-COOH) is not similar to any

known PDZ-binding motif (PBM), and this modified core

protein was unable to interact with GIPC1 (Fig. 1a).

PDZ domains have been placed into three classes

according to their binding selectivity. Class I domains

recognize the consensus sequence Ser/Thr-X-w-COOH

(where X is any amino acid and w is hydrophobic); class II

domains prefer w-X-w-COOH; class III domains prefer

Asp/Glu-X-w-COOH [17]. Initially, the specificity of the

GIPC1 PDZ domain was thought to be class I [25]. In some

cases, substitution of serine or threonine with another

amino acid in the -2 position of PBM interfered with

GIPC1 binding [23] (by convention, the C-terminus of

PDZ ligands is designated as residue 0, and subsequent

residues toward the N-terminus are numbered as residue-1,

residue-2, and so forth [1]). But replacement of the -2

serine with alanine did not prevent HBc from interacting

with GIPC1 (Fig. 1b). The C-terminus of the modified core

protein (Glu-Ala-Gln-Cys-COOH) is similar to the termini

of other GIPC1-interacting proteins–dopamine receptors

D2 (Ile-Leu-His-Cys-COOH) and D3 (Ile-Leu-Ser-Cys-

COOH) [11]—both of which contain leucine instead of

serine or threonine in the -2 position. When more data

accumulated, it became clear that the PDZ domain of

GIPC1 binds sequences of all three classes [20]. But in a

slightly altered classification, the class III binding motif is

designated as X-X-Cys-COOH. Both the C-terminal

sequence of HBc, Glu-Ser-Gln-Cys-COOH, and the mod-

ified sequence Glu-Ala-Gln-Cys-COOH resemble this

Table 1 HBV core interaction with human proteins in the yeast two-

hybrid system

Human protein b-galactosidase activity (%)

GIPC1 100

GIPC2 64

Ribosomal L5 37

Fibrinogen alpha chain 28

Fibrinogen gamma chain 42

Results were obtained by b-galactosidase liquid assay. All b-galac-

tosidase activity data are relative to the data of HBV core interaction

with GIPC1

Fig. 1 Interaction of GIPC1

with the HBV core in the yeast

two-hybrid system. a Mapping

of the GIPC1-interacting region.

Truncated GIPC1 variants and

human lamin C (negative

control) probed for interaction

with HBc. b Mapping of the

HBc-interacting region. Nearly

full-length GIPC1 (61–333) was

probed for interaction with

various modifications of HBc

and human lamin C
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motif. Modified HBc with alanine instead of cysteine in the

C-terminal position was unable to interact with GIPC1

(Fig. 1b).

The GST pull-down in vitro assay was used to confirm

the determined protein interactions. Various fragments of

HBV core and GIPC1 were inserted into a bacterial

expression vector containing the GST gene. To enable

uniform detection of interacting proteins, the same

sequences were fused with the short coding sequence of an

influenza virus hemagglutinin HA epitope. Proteins con-

taining GST or HA on their N-terminus were synthesized

in bacteria in different quantities, and their solubility also

varied. Native GST protein, a typical negative control in

this type of experiment, was more soluble and bound more

efficiently to glutathione beads than any of the fusion

proteins. GST and its fusions with full-length HBc or HBc

141–183 were immobilized on glutathione beads and tested

for their ability to interact with HA-tagged GIPC1 61–333.

After washing, the same amounts of beads were analyzed

for the presence of the tagged proteins, and GIPC1 was

found only on the beads with core-containing fusion pro-

teins. Similarly, GST fusions with GIPC1 124–228 and

GIPC1 124–333, but not GST alone, were able to bind HA-

tagged full-length core protein (Fig. 2). These results

confirm that the PDZ domain of GIPC1 interacts with the

C-terminus of the HBV core protein.

Wild-type core proteins usually form homodimers and

self-assemble into capsids. To determine whether fusion

proteins in two-hybrid experiments form similar particles,

yeast lysates with expressed HBc fusion proteins were

subjected to electron microscopy, but core-like particles

were not detected. It is likely that the addition of the lexA

domain or the low concentration of fusion proteins inter-

fered with particle formation. Although it is generally

accepted that the arginine-rich C-terminal region of HBc

interacts with the viral genome inside the particle, and

although we did not detect core-like particle formation by

the fusion proteins, it is still possible that GIPC1 might

interact with intact HBV capsids. There are some data

suggesting that at least a fraction of the C-termini are

exposed on the external surface of the particle. For

example, the arginine-rich protamine-like region of the

core protein is responsible for the attachment of nucleo-

capsids to cell-surface-expressed heparan sulfate [24],

monoclonal antibody directed against this region binds to

intact HBV capsids, and trypsin can clip off this domain

from recombinant HBV capsids [4]. It has been suggested

that the peptide at the boundary between the assembly and

arginine-rich domains of the core protein forms a mobile

array and may allow an extreme mobility of the C-terminal

domain [26].

What actual role the ability of the core protein to interact

with GIPC1 might play in the life cycle of HBV remains to

be determined. Accumulating data suggest that GIPC1 is an

adaptor protein that couples other proteins to myosin VI

movement and participates in recycling of membrane

receptors [16]. Since cytoplasmic diffusion operates only

within very small volumes, active membrane traffic or

cytosolic transport of viral proteins and genome-protein

complexes is required. It has been determined that HBV

capsids are actively transported towards the nucleus with

the aid of the cellular microtubule transport system [18].

Whereas the large gap between the cell periphery and the

nucleus is usually bridged by microtubule transport, in the

cell periphery and possibly in the nucleus, transport is

mediated by the actin system [19]. Thus, one possible

function of interaction between HBc and GIPC1 might be

the short-distance intracellular transport of core proteins or

capsids.

GIPC1 interacts at least with two other viral proteins—

Tax of T-cell leukemia virus type 1 (HTLV1) [21] and E6

of human papillomavirus type 18 (HPV-18) [8], but the

exact functions of these interactions are unknown. It is

known that the GIPC1-interacting proteins GLUT1 and

NRP1 are involved in HTLV1 entry [9]. Deletion of the

Tax PBM in HTLV-1 rendered the mutant virus unable to

Fig. 2 GST pull-down experiment. GST (negative control) and GST

fusion proteins were bound to the same amount of glutathione–

agarose beads and allowed to interact with HA-tagged proteins.

Samples were washed and analyzed by western blot with anti-GST

(top) and anti-HA (bottom) antibodies. Lane 1: GST ? HA–HBc;

2: GST ? HA–GIPC1; 3: Protein molecular weight marker;

4: GST–GIPC1(124–228) ? HA–HBc; 5: GST–GIPC1(124–333) ?

HA–HBc; 6: GST–HBc(141–183) ? HA–GIPC1; 7: GST–HBc ?

HA–GIPC1
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establish persistent infections in rabbits. It was noticed also

that although HTLV-1 and HTLV-2 are close relatives,

only HTLV-1 is firmly associated with adult T-cell leu-

kemia or inflammatory neurologic diseases. Tax1 protein,

but not Tax2, contains a PDZ-binding motif at its C-ter-

minus [27]. Similarly, the E6 oncoproteins from high-risk

HPV strains contain a PDZ-binding motif, whereas those

from low-risk isolates do not. Therefore, it is possible that

HBc interactions with PDZ-containing proteins might be

important in HBV pathogenicity or entry.
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Krüger (Berlin) and Paul Pumpens (Riga) for fruitful collaboration.

References

1. Aasland R, Abrams C, Ampe C, Ball LJ, Bedford MT, Cesareni

G, Gimona M, Hurley JH, Jarchau T, Lehto VP, Lemmon MA,

Linding R, Mayer BJ, Nagai M, Sudol M, Walter U, Winder SJ

(2002) Normalization of nomenclature for peptide motifs as

ligands of modular protein domains. FEBS Lett 513:141–144

2. Baumert TF, Thimme R, von Weizsacker F (2007) Pathogenesis

of hepatitis B virus infection. World J Gastroenterol 13:82–90

3. Bichko V, Pushko P, Dreilina D, Pumpen P, Gren E (1985)

Subtype ayw variant of hepatitis B virus. DNA primary structure

analysis. FEBS Lett 185:208–212

4. Bruss V (2007) Hepatitis B virus morphogenesis. World J Gas-

troenterol 13:65–73

5. Bunn RC, Jensen MA, Reed BC (1999) Protein interactions with

the glucose transporter binding protein GLUT1CBP that provide

a link between GLUT1 and the cytoskeleton. Mol Biol Cell

10:819–832

6. Cai H, Reed RR (1999) Cloning and characterization of neuro-

pilin-1-interacting protein: a PSD-95/Dlg/ZO-1 domain-contain-

ing protein that interacts with the cytoplasmic domain of

neuropilin-1. J Neurosci 19:6519–6527

7. De Vries L, Lou X, Zhao G, Zheng B, Farquhar MG (1998)

GIPC, a PDZ domain containing protein, interacts specifically

with the C terminus of RGS-GAIP. Proc Natl Acad Sci USA

95:12340–12345

8. Favre-Bonvin A, Reynaud C, Kretz-Remy C, Jalinot P (2005)

Human papillomavirus type 18 E6 protein binds the cellular PDZ

protein TIP-2/GIPC, which is involved in transforming growth

factor beta signaling and triggers its degradation by the protea-

some. J Virol 79:4229–4237

9. Ghez D, Lepelletier Y, Lambert S, Fourneau JM, Blot V, Janvier

S, Arnulf B, van Endert PM, Heveker N, Pique C, Hermine O

(2006) Neuropilin-1 is involved in human T-cell lymphotropic

virus type 1 entry. J Virol 80:6844–6854

10. Irshad M, Dhar I (2006) Hepatitis C virus core protein: an update

on its molecular biology, cellular functions and clinical impli-

cations. Med Princ Pract 15:405–416

11. Jeanneteau F, Diaz J, Sokoloff P, Griffon N (2004) Interactions of

GIPC with dopamine D2, D3 but not D4 receptors define a novel

mode of regulation of G protein-coupled receptors. Mol Biol Cell

15:696–705

12. Jelen F, Oleksy A, Smietana K, Otlewski J (2003) PDZ

domains—common players in the cell signaling. Acta Biochim

Pol 50:985–1017

13. Kann M, Schmitz A, Rabe B (2007) Intracellular transport of

hepatitis B virus. World J Gastroenterol 13:39–47

14. Katoh M (2002) GIPC gene family (Review). Int J Mol Med

9:585–589

15. Kennedy MB (1995) Origin of PDZ (DHR, GLGF) domains.

Trends Biochem Sci 20:350

16. Naccache SN, Hasson T, Horowitz A (2006) Binding of inter-

nalized receptors to the PDZ domain of GIPC/synectin recruits

myosin VI to endocytic vesicles. Proc Natl Acad Sci USA

103:12735–12740

17. Nourry C, Grant SG, Borg JP (2003) PDZ domain proteins: plug

and play!. Sci STKE 2003:RE7

18. Rabe B, Glebe D, Kann M (2006) Lipid-mediated introduction of

hepatitis B virus capsids into nonsusceptible cells allows highly

efficient replication and facilitates the study of early infection

events. J Virol 80:5465–5473

19. Radtke K, Dohner K, Sodeik B (2006) Viral interactions with the

cytoskeleton: a hitchhiker’s guide to the cell. Cell Microbiol

8:387–400

20. Reed BC, Cefalu C, Bellaire BH, Cardelli JA, Louis T, Salamon

J, Bloecher MA, Bunn RC (2005) GLUT1CBP(TIP2/GIPC1)

interactions with GLUT1 and myosin VI: evidence supporting an

adapter function for GLUT1CBP. Mol Biol Cell 16:4183–4201

21. Rousset R, Fabre S, Desbois C, Bantignies F, Jalinot P (1998)

The C-terminus of the HTLV-1 Tax oncoprotein mediates

interaction with the PDZ domain of cellular proteins. Oncogene

16:643–654

22. Smith AE, Helenius A (2004) How viruses enter animal cells.

Science 304:237–242

23. Tani TT, Mercurio AM (2001) PDZ interaction sites in integrin

alpha subunits. T14853, TIP/GIPC binds to a type I recognition

sequence in alpha 6A/alpha 5 and a novel sequence in alpha 6B.

J Biol Chem 276:36535–36542

24. Vanlandschoot P, Van Houtte F, Serruys B, Leroux-Roels G

(2005) The arginine-rich carboxy-terminal domain of the hepa-

titis B virus core protein mediates attachment of nucleocapsids to

cell-surface-expressed heparan sulfate. J Gen Virol 86:75–84

25. Wang LH, Kalb RG, Strittmatter SM (1999) A PDZ protein

regulates the distribution of the transmembrane semaphorin,

M-SemF. J Biol Chem 274:14137–14146

26. Watts NR, Conway JF, Cheng N, Stahl SJ, Belnap DM, Steven

AC, Wingfield PT (2002) The morphogenic linker peptide of

HBV capsid protein forms a mobile array on the interior surface.

EMBO J 21:876–884

27. Xie L, Yamamoto B, Haoudi A, Semmes OJ, Green PL (2006)

PDZ binding motif of HTLV-1 Tax promotes virus-mediated

T-cell proliferation in vitro and persistence in vivo. Blood

107:1980–1988

250 R. Razanskas, K. Sasnauskas

123


	Interaction of hepatitis B virus core protein with human GIPC1
	Abstract
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


