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Abstract We have cloned and sequenced a cDNA encoding
GTP-binding protein from a fish cell, CHSE-214. The clone was
1493 bp long and contained an open reading frame encoding 364
amino acids. It has the five sequence motifs G1^G5 that are
conserved in all GTP-binding proteins. Its amino acid sequences
are strikingly different from those of the well-characterized G-
proteins. However, sequences closely related to this protein are
found in various kinds of species including human, Arabidopsis,
Drosophila and archaebacteria, suggesting a novel subfamily
within the superfamily of the GTP-binding proteins. Northern
analysis indicates that this gene is constitutively expressed at a
low level in normal cells but is induced by fish rhabdovirus
infection at about 24 h post infection and disappears thereafter.
Based on these observations, we propose that this protein
represents an evolutionarily conserved novel subfamily of GTP-
binding proteins which may play an important role in fish
rhabdovirus infection.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

GTP-binding proteins constitute a large superfamily of reg-
ulatory molecules. This superfamily comprises at least three
subfamilies [1] including the large heterotrimeric G-protein
(e.g. transducin), the small monomeric GTP-binding proteins
(e.g. Ras), and the GTPase involved in protein synthesis (e.g.
elongation factor Tu). The large heterotrimeric G-protein is a
membrane-bound signal-transducing G-protein and is com-
posed of K subunits (39^52 kDa), L subunits (35^36 kDa),
and Q subunits (7^10 kDa) [2].

GTP-binding proteins have been found to play important
roles in virus infection. The heterotrimeric GTP-binding pro-
tein is coupled to a coreceptor of human immunode¢ciency
virus type 1 (HIV-1) and can function in HIV-1 entry [3,4].
Infection with hypovirus reduces the accumulation of hetero-
trimeric GTP-binding protein in the chestnut blight fungus
and reduces levels of fungal virulence [5,6]. Ras cooperates
with simian virus 40 large T antigen [7], and hepatitis C virus
core protein [8] to transform rat embryo ¢broblasts. The dom-
inant inhibitory Ras can delay Sindbis virus-induced apopto-

sis in neuronal cells [9]. The Ras-Raf pathway is activated in
HIV-infected monocytic cells and participates in HIV-induced
activation of NF-UB [10]. The Arf-like GTP-binding protein
takes part in the generation of post-Golgi vesicles carrying
envelope glycoproteins of vesicular stomatitis virus [11].

Recently a novel group of GTP-binding proteins has been
identi¢ed. Most of them have been identi¢ed fortuitously by
genomic or cDNA cloning in Halobacterium cutirubrum [12],
Thermoplasma acidophilum [13], Methanococcus jannaschii
[14], Caenorhabditis elegans [15], the ¢ssion yeast Schizosac-
charomyces pombe [16], Drosophila melanogaster [17], Xenopus
laevis [18], Arabidopsis thaliana (unpublished), and Saccharo-
myces cerevisiae (unpublished). However, two related genes
were cloned in an attempt to isolate cDNA for developmen-
tally regulated proteins in the central nervous system of the
mouse [19,20] and for selectively inhibited proteins in human
¢broblasts transformed by SV40 [21]. These proteins harbor
the ¢ve characteristic regions G1^G5 that are believed to play
a role in the interaction with GTP. Based on their sizes, this
group resembles the K subunits of the heterotrimeric G-pro-
teins. However, apart from their size, they do not display
signi¢cant similarity with the well-characterized G-proteins.
Their function is still unknown but their high degree of con-
servation suggests that they play an essential role in the con-
trol of cell growth and di¡erentiation.

Infectious hematopoietic necrosis virus (IHNV) is a ¢sh
rhabdovirus that causes an acute disease in wild and hatch-
ery-reared salmonid ¢sh. In this study we report the cDNA
cloning of a novel GTP-binding protein that showed increased
expression in ¢sh cells by IHNV infection.

2. Materials and methods

2.1. Cell and virus
A ¢sh cell line, CHSE-214 (Chinook salmon embryo), was grown in

Eagle's minimum essential medium (EMEM) at 18³C, supplemented
with 10% fetal bovine serum (Gibco-BRL, USA) and penicillin-strep-
tomycin (50 IU/ml and 50 Wg/ml, respectively, Gibco-BRL). A Korean
strain of IHNV, IHNV-PRT [22], was grown in CHSE-214 cells. Cells
were infected by IHNV-PRT at a multiplicity of infection of 10 at 4³C
for 1 h, washed twice with serum-free media and grown in EMEM
supplemented with 10% fetal bovine serum and antibiotics at 18³C.

2.2. Subtracted probe
Subtracted mRNA was prepared with the slight modi¢cation of the

method of Hara et al. [23]. Brie£y, at 24 h post infection (p.i.), total
RNA was extracted from IHNV-infected CHSE-214 cells using the
guanidinium thiocyanate-acid phenol-chloroform method [24]. Total
RNA (500 Wg) from mock-infected CHSE-214 cells was mixed with
500 Wl of DEPC-water, 500 Wl of 2Ubinding bu¡er (20 mM Tris-HCl
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pH 7.5, 1 M NaCl, 2 mM EDTA, 0.2% SDS) and 30 Wl of 10% (w/v)
oligo(dT)30-Latex suspension (Qiagen, USA). The mixture was heated
at 65³C for 3 min and then incubated at room temperature for 30 min.
After centrifugation at 12 000Ug for 2 min, the precipitate was
washed twice with washing bu¡er (10 mM Tris-HCl pH 7.5, 150
mM NaCl, 1 mM EDTA) by centrifugation. The precipitate was
resuspended with 400 Wl of RT bu¡er (50 mM Tris-HCl pH 8.3, 75
mM KCl, 3 mM MgCl2, 2 mM each of dNTPs, 10 mM DTT) con-
taining 1000 U of M-MLV reverse transcriptase (Gibco-BRL) and
incubated at 42³C for 50 min. The mixture was then heated at 90³C
for 3 min and rapidly cooled. The free RNA dissociated from cDNA-
oligo(dT)30-Latex was removed by centrifugation. The precipitate was
washed twice with 200 Wl of TE bu¡er (10 mM Tris-HCl pH 7.5, 1 mM
EDTA) by centrifugation. After blocking the free oligo(dT) residues
on oligo(dT)30-Latex with (dA)30 oligonucleotide, the cDNA-
oligo(dT)30-Latex was hybridized with 1 Wg of mRNA prepared
from IHNV-infected CHSE-214 cells by incubation at 55³C for
20 min in hybridization bu¡er (10 mM Tris-HCl pH 7.5, 100 mM
NaCl, 1 mM EDTA, 0.1% SDS) containing 2 Wg of oligo(dT)12ÿ18.
The reaction mixture was centrifuged at room temperature for 10 min
and the supernatant was collected. This subtractive hybridization was
repeated four times in total.

The subtracted mRNA was transcribed into cDNA using M-MLV
reverse transcriptase (Gibco-BRL). A poly(C) tail was added to the 3P
end of the cDNA using terminal transferase (Gibco-BRL). The dC-
tailed cDNA was ampli¢ed by PCR with (dG)20 primer and (dT)30

primer in the presence of [K-32P]dCTP and 32P-labeled PCR product
was used as probe to screen a cDNA library.

2.3. Construction of cDNA library and screening
The CHSE-214 cells were harvested 24 h after IHNV infection.

Total nucleic acids were extracted using the guanidinium thiocya-
nate-acid phenol-chloroform method and mRNA was puri¢ed using
oligo(dT)30-Latex suspension (Qiagen). The cDNAs were synthesized
using a cDNA cloning kit (Gibco-BRL; Superscript plasmid system).
The cDNA was ligated into the SalI and NotI sites of the pSPORT1
vector and transfected into Escherichia coli strain DH5K according to
the manufacturer's instruction, and screened by hybridization with
32P-labeled PCR product.

2.4. 5P RACE (rapid ampli¢cation of cDNA ends) cloning of a
full-length novel GTP-binding protein

5P RACE ampli¢cation was carried out by using 5P RACE kit
(Gibco-BRL) according to the manufacturer's instruction. CHSE-
214 cells were harvested 24 h after IHNV infection, and total RNA
was extracted. 1 Wg of the total RNA was reverse transcribed using
M-MLV reverse transcriptase (Gibco-BRL) and the ¢rst gene-speci¢c
primer, 5P-CACGTCTGCTGTCCTGGCAACAGCA-3P. A poly(C)
tail was added to the 3P end of the cDNA using terminal transferase
(Gibco-BRL). The dC-tailed cDNA was ampli¢ed by PCR with 5P
RACE-abridged anchor primer and the second gene-speci¢c primer,
5P-CAGCAATGACCTGCCGACCTCGACC-3P. The PCR was al-
lowed to proceed for 35 cycles of 94³C (1 min), 55³C (1 min) and
72³C (1 min). The PCR product was re-ampli¢ed by nested PCR with
universal ampli¢cation primer and a nested gene-speci¢c primer, 5P-
CGACCCTTACCTTGGGAAGCTCCTT-3P. The PCR reaction was
performed by 35 cycles of 94³C (1 min), 50³C (1 min) and 72³C (1
min). The 5P RACE ampli¢cation product was cloned into pGEM-T
vector (Promega, USA).

2.5. DNA sequencing and sequence analysis
DNA sequencing was performed at the Basic Science Research

Center, Korea on an automatic DNA sequencer (Applied Bio-
systems, USA) according to the dye terminator procedure. The
DNA sequences and the deduced amino acid sequences were com-
pared with sequences of all the species retrieved from the EMBL/
GenBank databank using GK of heterotrimeric GTP-binding protein
as the outgroup. Sequences were aligned using CLUSTAL W [25]
and then the phylogenetic tree was constructed with the TreeView
[26].

2.6. Northern blot analysis
Total RNA was extracted from mock- and IHNV-infected CHSE-

214 cells and rainbow trout tissues and RNA samples (20 Wg) were
transferred to nylon membranes (Amersham; Hybond-N). Hybridiza-

tion was done with [K-32P]CTP-labeled probes prepared by random
oligonucleotide priming method [27]. The probe used was the 5P
RACE ampli¢cation product of 413 bp.

3. Results and discussion

To investigate the cellular genes induced in IHNV-infected
CHSE-214 cells, a subtractive probe was constructed with the
mRNA present in IHNV-infected cells but not in the mock-
infected cells using oligo(dT)30-Latex. The probe was used for
screening of cDNA library constructed from IHNV-infected
cells. In order to discriminate the clone containing virus-spe-
ci¢c cDNA from cell-speci¢c cDNA, these clones were re-
screened using cDNA probes prepared from genomic RNA
of IHNV. We could isolate several clones that contained cell-
speci¢c cDNA and were induced by IHNV infection. One was
a novel GTP-binding protein. To isolate a full-length cDNA
clone for the putative novel GTP-binding protein, 5P RACE
was conducted. A full-length gene was ampli¢ed at the 5P end
by RACE-PCR and sequenced on both strands by utilizing
restriction fragments to make a series of subclones. The full-
length cDNA was 1493 bp in length with an open reading
frame (ORF) of 1095 bp encoding a 364-aa protein (GenBank
accession number AF035177).

A database search was performed to determine the degree
of homology of this protein with other G-proteins. The most
closely related protein was a human novel GTP-binding pro-
tein (89% sequence identity, 96% similarity) whose expression
was down-regulated in SV40 transformation in the ¢broblasts
[21]. In addition, this protein is closely related to a novel
group of GTP-binding proteins that have been identi¢ed in
mouse [19,20], H. cutirubrum [12], T. acidophilum [13], M.
jannaschii [14], C. elegans [15], S. pombe [16], D. melanogaster
[17], X. laevis [18], A. thaliana (unpublished), S. cerevisiae
(unpublished), and P. sativum (unpublished).

To ¢gure out the structural features of the ¢sh novel GTP-
binding protein, its deduced amino acid sequence was com-
pared with those of other novel GTP-binding proteins using
the CLUSTAL W program (Fig. 1). In addition, a phyloge-
netic tree was constructed with the amino acid sequences of
the GTP-binding proteins (Fig. 2). All the novel GTP-binding
proteins mentioned above share 30^89% sequence identity at
the amino acid level, possess a similar size (364^399 amino
acids except C. elegans, 573 amino acids) and have ¢ve con-
served regions G1^G5 that are critical in the interaction with
GTP. All the proteins contain the same G2 motif (YEFTTL)
which is usually conserved within a particular subfamily of
GTP-binding proteins, but not between di¡erent subfamilies
[1]. However, the novel group of GTP-binding proteins shows
very low structural similarity with the human K subunit of
heterotrimeric GTP-binding protein (3^11% sequence identity)
illustrated by the phylogenetic tree. Based on these character-
istics, it is evident that the novel GTP-binding proteins cannot
be assigned to known trimeric GTP-binding protein and thus
Schenker et al. [21] suggested a new subfamily within the
superfamily of GTP-binding proteins. The novel GTP-binding
proteins can be classi¢ed into at least four phylogenetically
distinct subgroups: subgroup 1 from Drosophila, mouse and
Xenopus ; subgroup 2 from plant such as Arabidopsis and pea
(P. sativum) ; subgroup 3 from ¢sh, human, C. elegans and S.
pombe ; subgroup 4 from archaea such as Methanococcus,
Halobacterium and Thermoplasma. It is interesting that ¢sh
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Fig. 1. Comparison of the deduced amino acid sequence of the novel GTP-binding protein with those of other GTP-binding proteins. The de-
duced amino acid sequence of the novel GTP-binding protein of ¢sh (Fis, AF035177) is aligned with those of 12 di¡erent organisms: Ara, Ara-
bidopsis thaliana (AF014822); Dro, Drosophila melanogaster (X71866); Hal, Halobium cutirubrum (X15078); Cel, Caenorhabditis elegans
(L14745); Xen, Xenopus laevis (D13865); Hum, human (X80754); Met, Methanococcus jannaschii (U67573); Mus, mouse (D10715); Pea, Pisum
sativum (AF014821); The, Thermoplasma acidophilum (U72850); Sch, Schizosaccharomyces pombe (L00671); Sac, Saccharomyces cerevisiae
(Z72958). The straight lines indicate the ¢ve conserved domains of GTP-binding proteins. Dashes indicate gaps introduced to optimize the
alignment. Asterisks denote identical or conserved residues in all sequences in the alignment. Dots indicate conserved substitutions.
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GTP-binding protein is more closely related to human GTP-
binding protein rather than to Xenopus GTP-binding protein.

Northern blot analyses of mock- and IHNV-infected
CHSE-214 cells, using as probes the 413-bp fragment from
the 5P end of the ¢sh novel GTP-binding protein gene, clearly
reveal that the gene is regulated during the IHNV infection. In
mock-infected normal cells, the transcripts of the GTP-bind-
ing protein expressed constitutively at a negligible level
throughout the incubation period of 48 h. In IHNV-infected
cells, the transcript was increased at 24 h p.i. and then de-
creased after 36 h (Fig. 3). The time of appearance of the
transcript coincided with the release of infectious virions
from the IHNV-infected cells. These results show that the
transcript of the novel GTP-binding protein was induced at
a late stage of IHNV infection.

Northern blot analysis with multiple ¢sh tissues was per-
formed using a 413-bp cDNA fragment as a probe. As is
shown in Fig. 4, a transcript of 1.5 kb was identi¢ed. The
transcript was detected in liver and heart at high levels but
was not detected in other tissues such as egg, kidney, spleen,
eye and brain. This pattern of tissue distribution of the tran-
script is similar to that of human novel GTP-binding protein
[21] but somewhat di¡erent from that of mouse novel GTP-
binding protein. In mouse, the transcript of this gene was
detected in various tissues, especially in brain, but not in heart
[20]. This suggests that the pattern of tissue distribution of the
transcript is similar between the organisms of the same sub-
group but di¡erent between the organisms of di¡erent sub-
groups.

The function of this GTP-binding protein has not been
identi¢ed yet. However, the presence in a wide variety of
organisms certainly represents an important role. The func-
tion may be di¡erent among di¡erent subgroups because the
tissue distribution of the transcript is di¡erent between di¡er-
ent subgroups. In subgroup 1, mouse and Xenopus, the novel
GTP-binding proteins are detected in brain, show regulated
expression patterns during embryonic development and may
play a role in the development of the vertebrate central nerv-
ous system [18^20]. The ¢sh is a member of subgroup 3 and,
based on the sequence similarity and similar tissue distribu-

tion, it is possible that the ¢sh GTP-binding protein plays a
similar role as human GTP-binding protein. The human novel
GTP-binding protein was produced in normal, but decreased
in SV40-transformed cells [21]. The ¢sh GTP-binding protein
was expressed at extremely low levels in normal cells but in-
creased in virus-infected cells at a late stage of infection when
the virus-infected cells began to die. Thus, it is possible that it
plays a role in the regulation of cell growth and/or death.
Alternatively, it may function as a tumor suppressor gene.
When the expression of the novel GTP-binding protein is
increased, the cell undergoes death. In contrast, if the expres-
sion is decreased, cellular growth is increased.

If increased expression of the novel GTP-binding protein
causes the death of a virus-infected cell, what is the function
of the novel GTP-binding protein in ¢sh rhabdovirus infec-
tion? It is not certain but the cell death caused by the novel
GTP-binding protein may be apoptosis. A growing number of
viruses are now known to induce cell death at a late stage of
infection not by necrosis but by apoptosis. Virus-induced
apoptosis may play a key role in the spread of progeny virus
to neighboring cells while evading host immune in£ammatory
responses and protecting progeny virus from host enzymes
and antibodies [28]. There is recent evidence that rhabdovirus
may cause the death of cells by apoptosis [29^31]. Bjorklund
et al. [32] reported that a ¢sh rhabdovirus also induced apop-
tosis in a ¢sh cell. DNA from virus-infected cell showed a 200-
bp ladder pattern indicative of oligonucleosomal DNA frag-
mentation. The DNA fragmentation became evident simulta-
neously with the rise in virus titer (at about 24 h after infec-
tion), indicating that active virus replication and production
of progeny virus is necessary to induce apoptosis in ¢sh cell.
Thus it is possible that ¢sh rhabdovirus induces the expression
of the novel GTP-binding protein at a late stage of infection
and then this protein cause cell death by apoptosis. Further
studies might therefore focus on the involvement of the novel
GTP-binding protein in apoptotic cell death and dissemina-
tion of progeny virus by deletion or overexpression of the
gene of the novel GTP-binding protein.
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Fig. 4. Tissue distribution of novel GTP-binding protein mRNA.
Total RNA from the indicated tissues was hybridized with
[K-32P]CTP-labeled probes generated from a cDNA fragment of the
GTP-binding protein clone. Lane 1, kidney; lane 2, egg; lane 3,
spleen; lane 4, liver; lane 5, eyeball ; lane 6, heart; lane 7, brain.

Fig. 3. Northern blot analysis of the expression of the novel GTP-
binding protein. At 12-h intervals, total RNA was extracted from
mock- and IHNV-infected CHSE-214 cells and hybridized with
[K-32P]CTP-labeled probes generated from a cDNA fragment of the
GTP-binding protein clone.

Fig. 2. Phylogenetic status of the novel GTP-binding protein in
GTP-binding proteins. Amino acid sequences of 14 GTP-binding
proteins were obtained from the GenBank database and their phylo-
genetic relationship was analyzed using TreeView. Human K subunit
of heterotrimeric GTP-binding protein (HGa, X56009) was included
in the analysis as an outgroup. The three-letter abbreviations for
the organisms are described in the legend of Fig. 1.
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