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Bovine leukemia virus (BLV) is a complex retrovirus that belongs to the Deltaretrovirus genus, which also
includes Human T-cell leukemia virus type 1 (HTLV-1). Both viruses contain an X region coding for at least four
proteins: Tax and Rex, which are involved in transcriptional and posttranscriptional regulation, respectively,
and the accessory proteins R3 and G4 (for BLV) and p12', p13"™, and p30"™ (for HTLV-1). The present study
was aimed at characterizing the subcellular localization of BLV R3 and G4. The results of immunofluorescence
experiments on transfected HeLa Tat cells demonstrated that R3 is located in the nucleus and in cellular
membranes, as previously reported for HTLV-1 p12". In contrast, G4, like p13", is localized both in the nucleus
and in mitochondria. In addition, we have shown that G4 harbors a mitochondrial targeting signal consisting
of a hydrophobic region and an amphipathic a-helix. Thus, despite a lack of significant primary sequence
homology, R3 and p12' and G4 and p13™ exhibit similar targeting properties, suggesting possible overlap in

their functional properties.

Bovine leukemia virus (BLV) and Human T-cell leukemia
virus type 1 (HTLV-1) are members of the Oncovirinae sub-
family and belong to the Deltaretrovirus genus. These two vi-
ruses share a similar genomic organization and induce lympho-
proliferative diseases in their respective host species (reviewed
in references 38 and 45). In addition to the gag, pol, and env
genes, deltaretroviruses contain a genome segment termed the
X region, located between the env sequence and the 3’ long
terminal repeat. This X region contains the open reading
frames (ORFs) coding for the essential regulatory proteins Tax
and Rex as well as a number of so-called accessory ORFs.
While considerable attention has been focused on the func-
tional properties of Tax and Rex, very little is known about the
other ORFs. Alternative splicing generates at least two mR-
NAs that have the potential to produce accessory proteins
encoded in ORFs located between the env and tax/rex genes:
R3 and G4 for BLV and p12%, p13™, and p30™ for HTLV-1 (2,
5, 6, 7, 24). HTLV-1 p12' is a highly hydrophobic and poorly
immunogenic protein which is localized in cellular membranes
(14, 21, 25). It shares distant homology with the bovine papil-
lomavirus E5 oncoprotein and harbors weak oncogenic poten-
tial (15). p12' binds to the 16-kDa subunit of a vacuolar AT-
Pase as well as to the B and +v chains of the interleukin 2
receptor and to the major histocompatibility complex class I
heavy chain (20, 21, 26, 29). In cell culture, p12" is required for
the infection of primary quiescent lymphocytes, suggesting a
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role in the activation of host cells during early stages of infec-
tion (1). Another transcript codes for p30™ (also called Tof), a
241-amino-acid nucleolar/nuclear protein containing two argi-
nine-rich domains involved in nuclear targeting (12). Consis-
tent with this nuclear localization, p30™ was also shown to
regulate transcription (46, 47). The HTLV-1 p13"™ protein cor-
responds to the 87 carboxy-terminal amino acids of p30™. p13™
lacks p30™s nuclear targeting signal and accumulates mainly in
mitochondria, although nuclear accumulation is detected in a
subpopulation of cells (9, 25). p13™ has been shown to induce
changes in mitochondrial architecture (9) and interacts in vitro
with proteins of the nucleoside monophosphate kinase super-
family and with the actin-binding protein 280 (18).

The mRNAs coding for the BLV accessory proteins R3 and
G4 were originally identified by reverse transcription-PCR in
experiments conducted on peripheral blood mononuclear cells
from BLV-infected cattle (2). Although the functional role of
these proteins still remains unclear, their requirement for viral
propagation in vivo was established by the use of recombinant
BLYV proviruses. Indeed, although the deletion of the R3 and
G4 genes does not alter the infectious potential of the virus,
long-term studies have revealed a drastic decrease in the pro-
viral loads (22, 23, 33, 42, 43). Although similar discrepancies
between conclusions drawn from cell culture and in vivo ex-
periments were also observed for HTLV-1 p12" and p13"/p30™
(11, 13, 34), it is now accepted that these proteins are required
for HTLV-1 infectivity in rabbits (4, 10). These observations
are in fact the best evidence for the biological relevance of the
HTLV-1 and BLV accessory proteins.

The 44-amino-acid R3 protein consists of an N-terminal
hydrophilic region followed by hydrophobic sequences. The
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hydrophilic portion corresponds to the first 17 amino acids of
Rex, which include the domain that is responsible for the
ability of the protein to accumulate in the nucleus and bind to
its RNA target, the Rex-responsive element (2). The presence
of this shared domain suggests that R3 might modulate or
interfere with Rex function, a possibility that has not yet been
demonstrated. G4 exhibits oncogenic potential in primary rat
embryo fibroblasts (Ref cells) (22). Indeed, cotransfection of
G4 and Ha-ras expression vectors into Ref cells generates fully
transformed cells able to induce tumors in nude mice. G4 thus
appears to belong to the immortalizing class of oncogenes,
which also includes the BLV and HTLV Tax proteins (32, 41,
44). The 105-amino-acid sequence of G4 includes an amino-
terminal stretch of hydrophobic residues (amino acids 1 to 24)
followed by potential proteolytic cleavage sites and an argin-
ine-rich region (amino acids 58 to 72) located in the middle of
the protein (2). This latter region was recently demonstrated to
be required for the interaction of G4 with its cellular partner,
farnesyl pyrophosphate synthetase (27). Furthermore, tumor-
igenicity assays conducted with Ref cells have underlined the
involvement of this domain in the oncogenic potential of G4.

In order to gain further insight into the function of the BLV
R3 and G4 proteins, we carried out experiments to determine
their subcellular localization. Indeed, the identification of the
localization of a protein is often the first step leading to its
functional characterization. Preliminary efforts aimed at ob-
taining specific antisera against these proteins failed, perhaps
due to poor immunogenicity of hydrophobic sequences (for
R3) or instability (for G4). One way to circumvent the lack of
specific antibodies against proteins is to tag them with small
epitopes easily recognizable by monoclonal antibodies. An-
other possibility is to generate hybrids with a protein that lacks
a specific intracellular targeting signal, such as the green flu-
orescent protein (GFP). To minimize artifacts due to the in-
sertion of foreign sequences and avoid misinterpretations of
results, we adopted both strategies and designed and tested at
least three different R3 and G4 fusion proteins; nucleotide
sequencing and Western blot analysis were performed in order
to verify the integrity of all constructs. Localization studies
were performed with HeLa Tat cells, a HeLa-derived cell line
(37) used in several previous studies of the HTLV-1 accessory
proteins (9, 12, 25). HeLa Tat cells were cultivated at 37°C in
a 5% CO,—air humidified atmosphere in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 U of penicillin/ml, 0.25 pg of amphotericin B/ml, 100 pg of
streptomycin/ml, and 1 mM sodium pyruvate. One day before
transfection, the cells were passaged and seeded on coverslips.
The cells were then transfected with 1 pg of plasmid DNA by
using Lipofectamine reagent (Gibco BRL) as described by the
manufacturer. Because of the very low number of positive cells
expressing R3 or G4 tagged with the hexahistidine (six-His) or
Flag epitope, respectively, a proteasome inhibitor (2 wM
B-clasto-Lactacystin; Calbiochem) was added to the medium at
least 6 h before the cells were harvested. The addition of
proteasome inhibitor did not affect the subcellular localization
of the two proteins but drastically increased their stability (data
not shown). Cells transfected with GFP-derived vectors were
fixed in 3.7% formaldehyde only, whereas cells transfected
with epitope-tagged constructs were formaldehyde fixed and
then permeabilized with 0.1% Nonidet P-40 and incubated
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with appropriate antibodies. Coverslips were mounted with a
Prolong antifade kit (Molecular Probes) and examined with a
confocal microscope (TCS-SP; Leica).

Subcellular localization of R3. The subcellular localization
of R3 was initially studied by using plasmid pHisR3, which
codes for R3 modified with a six-His epitope at its amino
terminus and is derived from vector pcDNA3.1/HisB (Invitro-
gen). After fixation and permeabilization steps, pHisR3-trans-
fected cells were incubated with an anti-six-His monoclonal
antibody (Sigma) and stained with fluorescein isothiocyanate
(FITC)-coupled anti-mouse immunoglobulin. Figure 1A shows
a representative cell expressing HisR3, demonstrating that the
protein is detected as a diffuse signal superimposed over a
cytoplasmic spiderweb-like pattern. The failure to detect sub-
stantial amounts of R3 in the nucleus was somewhat unex-
pected, as the protein contains a nuclear localization signal
(NLS) within its first 17 amino acids. This region, which is also
present in the BLV and HTLV Rex proteins, has a high con-
tent of positively charged residues which are likely to be crucial
for its nuclear targeting properties (31, 39). To explain the lack
of nuclear accumulation of R3, we hypothesized that the pres-
ence of the amino-terminal six-His tag might have interfered
with the function of the predicted NLS. To test this hypothesis,
we designed two constructs in which the R3 gene was inserted
in frame either carboxy terminal or amino terminal of the
GFP coding sequence (pEGFPR3 and pR3GFP; Fig. 1B and
C, respectively). Confocal analysis conducted on pEGFPR3-
transfected cells revealed that approximately 50% of the cells
presented mainly the typical diffuse and cytoplasmic spider-
web-like pattern as described for pR3His-transfected cells and
that about 50% showed both this mixed distribution and in-
tense nuclear staining (Fig. 1B). This nuclear distribution,
which is consistent with the presence of the Rex NLS at the R3
amino terminus, was observed in nearly all of the cells trans-
fected with the pR3GFP vector (Fig. 1C), with some cells also
displaying the diffuse and cytoplasmic spiderweb-like pattern
(Fig. 1C, upper portion).

In order to define this cytoplasmic spiderweb-like pattern,
immunofluorescence assays were performed with markers for
different subcellular structures. Figure 2 shows cells trans-
fected with pHisR3 in combination with the pEGFP-F vector
(Clontech), which contains the 20-amino-acid farnesylation
signal from c-Ha-Ras fused to the C terminus of enhanced
GFP. This farnesylated enhanced GFP (EGFP) is targeted to
the plasma and cellular membranes (3). Results showed sig-
nificant colocalization between this farnesylated form of EGFP
(Fig. 2A, green) and R3 (Fig. 2A, red). Besides the appearance
of a yellow staining due to the overlapping of both fluoro-
chromes (Fig. 2A, overlay), the colocalization between the two
proteins was further demonstrated by the histogram shown in
Fig. 2B. In contrast, immunofluorescence assays conducted
with Texas Red-conjugated phalloidin, an actin-specific probe,
failed to reveal any colocalization between R3 and this cy-
toskeleton marker (data not shown).

Taken together, these data demonstrate that BLV R3 accu-
mulates in two cellular compartments—the nucleus and the
cellular membranes.

Subcellular localization of G4. To determine the subcellular
distribution of G4, we first fused the G4 gene in frame and
carboxy terminal of the EGFP sequence inserted within vector
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FIG. 1. Subcellular distribution of R3. Plasmids pEGFPR3 and pHisR3 were generated by cloning the R3 gene isolated from pRSR3 (2) into
plasmids pEGFP-C1 (Clontech) and pcDNA3.1/HisB (Invitrogen), respectively. To generate pR3GFP, R3 was PCR amplified with primers
HindIIIS (5'-TTTAAGCTTGGCTTTAAAATGGCTAAAGAACG-3") and TAAR3Bam (5'-TTTGGATCCGAGAAAAGGCGGCCCAAATG
C-3"), digested with HindIll/BamH]I, and inserted in frame upstream of the enhanced GFP gene in plasmid pEGFP-N1 (Clontech). HeLa Tat cells
were transfected with pHisR3 (A), pPEGFPR3 (B), or pR3GFP (C). Thirty hours posttransfection, cells were fixed and examined directly by
confocal microscopy (B and C) or fixed, permeabilized, and incubated with a monoclonal anti-six-His antibody (Sigma) and FITC-coupled
anti-mouse immunoglobulin (A).
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FIG. 2. R3islocated in cellular membranes and in the nuclear compartment. (A) HeLa Tat cells were cotransfected with pHisR3 and pEGFP-F
(Clontech), which contains the 20-amino-acid farnesylation signal from c-Ha-Ras fused to the C terminus of enhanced GFP. Thirty hours
posttransfection, cells were fixed, permeabilized, and stained with anti-six-His antibody and Texas Red-conjugated anti-mouse immunoglobulin in
order to detect R3. Cells were then analyzed by confocal microscopy. Shown are the signals obtained for GFP-F (green) and R3 (red); the overlay
corresponds to the superimposition of the two fluorescent signals. (B) Shown is a quantification of the intensities of both fluorochromes assessed

along the line indicated on the overlay in panel A.

pEGFP-C1 (Clontech), resulting in plasmid pEGFPG4. As
illustrated in Fig. 3A, HeLa Tat cells transfected with this
construct exhibited a strong nuclear signal. To verify this nu-
clear staining, we next inserted the G4 sequence into vector
pCMV2-Flag (Sigma) in order to generate a G4 fusion protein
containing a Flag epitope (DYKDDDDK) at its amino termi-
nus (pFlagG4), and we detected the protein in transfected
HeLa Tat cells by using an anti-Flag monoclonal antibody
(Sigma) and FITC-conjugated secondary antibody. As shown
in Fig. 3B, cells expressing Flag-tagged G4 exhibited a staining
pattern consisting of clustered and filamentous structures sur-
rounding the nucleus; unlike in the case of EGFPG4, nuclear
staining was not evident.

The amino terminus of G4 includes a stretch of 24 hydro-
phobic amino acids (2) which might be predicted to be essen-
tial for subcellular targeting. To test this possibility, G4 was
inserted upstream of the EGFP gene in vector pEGFP-N1
(Clontech) to generate plasmid pG4GFP. Transfection with

pGA4GFP yielded an interconnected network-like pattern sim-
ilar to that obtained for FlagG4 (Fig. 3C). Therefore, it is
reasonable to conclude that G4 is specifically targeted to a
cytoplasmic reticulated compartment, given that two different
vectors (pFlagG4 and pG4GFP) yielded similar results.

The filamentous structures containing FlagG4 and G4GFP
resembled the mitochondrial pattern previously reported for
HTLV-1 p13" (9). To positively identify these structures, cells
expressing G4GFP were subjected to indirect immunofluores-
cence by using a monoclonal antibody (Pharmingen) against
cytochrome ¢, a component of the respiratory chain that accu-
mulates in the mitochondrial intermembrane space. As shown
in Fig. 4, cytochrome c (red signal) colocalized nearly perfectly
with G4GFP (green signal), yielding a yellow signal in the
overlay. Results of additional assays demonstrated that G4 also
colocalized with the multienzyme complex III of the respira-
tory chain and with Mitotracker Red CMXRos (Molecular
Probes), a probe specific for mitochondria (data not shown).
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FIG. 3. Subcellular localization of G4. pEGFPG4 was constructed by inserting a HindIII/EcoRI fragment obtained from pSGG4 (22) into
pEGFP-C1. To generate pFlagG4, the Kpnl/Xbal insert of pHisG4 (27) was cloned into the pFlag-CMV-2 vector (Sigma). pG4GFP was
constructed by PCR amplification of the G4 gene from pRSG4 (2) with primers HindG4S (5'-TTTAAGCTTCCCGGGAGTATGGCTTGCA-3")
and TGAG4BglII (5'-TTTAGATCTGATTGGACAAAACCAGGGCCG-3'). The resulting DNA fragment was cleaved with HindIIl/Bg/II en-
zymes and inserted into pEGFP-N1 digested with HindIll/BamHI. HeLa Tat cells were transfected with pEGFPG4 (A), pFlagG4 (B), or pG4GFP
(C). Thirty hours after transfection, GFP-fused G4-expressing cells were fixed and examined directly by confocal microscopy (A and C) or fixed,
permeabilized, and stained with monoclonal anti-Flag antibody (Sigma) and FITC-coupled anti-mouse immunoglobulin (B).
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FIG. 4. G4 is targeted to mitochondria. HeLa Tat cells were transfected with vector pG4GFP, and immunofluorescence experiments were
performed with an anti-cytochrome ¢ antibody (Pharmingen) and Texas Red-conjugated anti-mouse immunoglobulin G in order to visualize
mitochondria. Cells expressing G4 (green) and stained for cytochrome ¢ (red) are shown in the left and middle photographs, respectively, of panel
A. The overlay shows the merging of the two fluorochromes. The intensity of fluorescence along the line was quantified and is represented in a

profile plot in panel B.

Therefore, we concluded that FlagG4 and G4GFP are targeted
to the mitochondria.

Mapping of the MTS of G4. To define the mitochondrial
targeting signal (MTS) of G4, we analyzed its amino acid
sequence with the PHDsec secondary structure prediction pro-
gram (35, 36). Results (Fig. SA) predicted the presence of two
long helical segments, the first lying in the hydrophobic amino-
proximal portion of the protein (residues 8 to 22) and the
second lying near the carboxy terminus (residues 76 to 89), as
well as a third shorter a-helix (residues 63 to 69) spanning a
region that includes several arginines. An additional a-helix
detected between amino acids 48 and 52 displayed very low
confidence values, which led us to assume that this region is
unlikely to stably display this conformation. In addition, helical
wheel models (Fig. 5B) indicate that the arginine-rich a-helix
region (R63 to R70) exhibits a clear partitioning of positively
charged arginines and hydrophobic leucine and alanine resi-
dues on opposite sides of the helical structure. In contrast, this

amphipathic property is not evident for the other two a-helices
(S10 to S21 and D77 to C87; Fig. 5B). In order to gain insight
into the significance of the three a-helices in mitochondrial
targeting, we designed a series of constructs coding for differ-
ent portions of G4 fused in frame to the amino terminus of
EGFP. To this end, sequences corresponding to amino acids 1
to 72, 1 to 51, and 1 to 25 of G4 derived from plasmid pRSG4
(2) were inserted into plasmid pEGFP-N1, generating
pG4P72GFP, pG4L51GFP, and pG4Q25GFP, respectively
(Fig. 5C). To analyze the role of the amphipathic a-helix in
mitochondrial targeting, G4 sequences located between amino
acids 58 and 72 were amplified by PCR and inserted into
pEGFP-N1, yielding pG4RGFP. Furthermore, in order to as-
sess the importance of the amino-terminal a-helix, the first 25
amino acids of G4 were removed from pG4GFP, yielding
PAGA4GFP. Given that G4 harbors potential proteolytic cleav-
age sites located between amino acids 21 and 22 and 23 and 24,
one can hypothesize that this truncated G4 protein (AG4)
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FIG. 5. Mapping of the MTS of G4. (A) Protein sequence and predicted secondary structure of G4. The secondary structure prediction of G4
was obtained by using the PHDsec method (35, 36). Unstructured (loop) regions, 3 sheets, and helices are indicated by blank spaces, E’s, and H’s,
respectively. Rel refers to the reliability of the structure predicted for each residue on a scale of 0 to 9 (i.e., lowest to highest reliability). AA, amino
acid. (B) Helical wheel models of the three predicted a-helices of G4 corresponding to amino acids 10 to 21, 63 to 70, and 77 to 87. (C) Schematic
representation of pEGFP-N1-derived constructs in which the G4 gene (pG4GFP) or its derivatives (pG4P72GFP, pG4L51GFP, pG4Q25GFP,
pG4RGFP, and pAG4GFP) were cloned. The hydrophobic amino-terminal stretch, which is followed by theoretical proteolytic cleavage sites near
position Q%, is shown as a hatched box, whereas the arginine-rich region proven to be important for G4 oncogenic potential (amino acids 58 to
72) is depicted as a shaded box. Plasmid pG4P72GFP was derived from pG4GFP by BamHI cleavage and religation and expresses a truncated
version of G4 ending at residue P72, Plasmids pG4L51GFP and pG4Q25GFP were obtained by PCR amplification of G4 codons 1 to 51 and 1 to
25, respectively. To generate these mutants, we used oligonucleotide HindG4S as a sense primer (5'-TTTAAGCTTCCCGGGAGTATGGCTT
GCA-3") and antisense oligonucleotide 5'-TTTGGATCCAGAGGCAGCCGTTGTGGA-3' (for pG4L51GFP) or 5'-TTTGGATCCTGGGCGC
CGAAGGAGAGA-3' (for pG4Q25GFP). To construct pG4RGFP, G4 sequences between amino acids 58 and 72 corresponding to the
arginine-rich region were inserted in frame upstream of the GFP gene. This DNA fragment was first PCR amplified by using a primer that provided
an AUG codon in the context of a Kozak consensus sequence (5'-TTTAAGCTTACCATGGTGCGGCACCGACTCCCCCGC-3") and antisense
oligonucleotide TGAG4BglII (5'-TTTAGATCTGATTGGACAAAACCAGGGCCG-3'). This PCR fragment was digested with HindIIl/BamHI
and cloned into pEGFP-N1. Plasmid pAG4GFP, which lacks the N-terminal part of G4, was designed by PCR amplifying the G4 gene with a primer
providing an AUG codon in the context of a Kozak consensus sequence (5'-TTTAAGCTTACCATGGTGCCACATCCAGCAGCATTTG-3") and
antisense oligonucleotide TGAG4BglII. In order to compare the different constructs, all of the resulting PCR fragments were inserted into
pEGFP-N1 digested with HindIll/BamHI.
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FIG. 6. Expression of G4-GFP fusion proteins. (A) HeLa Tat cells were transfected with plasmid pEGFP-N1, pG4GFP, pG4RGFP,
pG4P72GFP, pG4L51GFP, or pG4Q25GFP. Thirty hours after transfection, the cells were lysed in Laemmli buffer. Aliquots of the lysates were
migrated on a denaturing polyacrylamide gel, and the proteins were transferred onto polyvinylidene difluoride membranes. The G4 fusion proteins
were revealed with a rabbit polyclonal anti-GFP antibody (Molecular Probes) and by chemiluminescence with horseradish peroxidase-conjugated
anti-rabbit immunoglobulin antibody (essentially as described in the BM chemiluminescence Western blot kit [Roche]). (B) To reveal AG4GFP,
HeLa Tat cells were transfected with pEGFP-N1, with the empty vector pSGS5, or with pAG4GFP. On the day following transfection, the cells were
incubated in the presence of *3S-labeled methionine and cysteine. Cleared lysates in radioimmunoprecipitation assay buffer (50 mM Tris-Cl [pH
7.2], 150 mM NacCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and Complete protease inhibitor cocktail [Roche])
were immunoprecipitated with the rabbit polyclonal anti-GFP antibody coupled with proteine A-Sepharose beads (Amersham-Pharmacia). After
several washes in radioimmunoprecipitation assay buffer, the immunoprecipitates were electrophoresed and revealed by autoradiography.

corresponds to the processed form of the protein. Expression
of the G4-GFP fusion proteins was verified by Western blotting
with a rabbit polyclonal anti-GFP antibody (Fig. 6A) and by
immunoprecipitation for AG4GFP due to its weaker expres-
sion (Fig. 6B).

Analysis of cells expressing G4P72GFP revealed that this
protein accumulated in mitochondria, indicating that the car-
boxy-terminal part of G4, which contains the third predicted
a-helix, is not involved in mitochondrial targeting. Indeed, the
deletion of amino acids 73 to 105 did not impair the typical
mitochondrial targeting of the protein (compare G4GFP and
G4P72GFP in Fig. 7A and B, respectively). In contrast, results
obtained with G4L51GFP indicated that removal of the am-
phipathic a-helix spanning residues 63 to 70 was sufficient to
hamper mitochondrial targeting of G4 (Fig. 7C). Indeed, dual
staining assays carried out with an anti-cytochrome ¢ antibody
demonstrated that the cytoplasmic structures containing
G4L51GFP were not mitochondria, suggesting a key role for
this amphipathic a-helix in targeting G4 to this compartment
(data not shown). However, this amphipathic sequence was
unable by itself to target EGFP to the mitochondria (Fig. 7D).
Results obtained for the AG4GFP mutant (Fig. 7E) indicated
that deletion of the amino-proximal hydrophobic a-helix abol-
ished mitochondrial targeting and instead yielded a nuclear
staining pattern superimposed over a diffuse signal. However,
as observed for the amphipathic a-helix, this amino-proximal
hydrophobic helix was not sufficient to direct mitochondrial
targeting of EGFP (Fig. 7F). This lack of colocalization be-
tween mutant G4Q25GFP and mitochondria was confirmed by
immunofluorescence assays carried out with an anti-cyto-
chrome ¢ antibody (data not shown).

Altogether, these results demonstrate that the amino-prox-
imal and arginine-rich a-helices of G4 are required for its
mitochondrial targeting.

Can we conclude that G4 is exclusively directed to mitochon-
dria and assume that the nuclear distribution observed with the

GFPG4 fusion protein is an artifact? An answer to this appar-
ent discrepancy was provided after extensive analysis of cells
transfected with G4-derived constructs. These studies revealed
that only a minority of cells (less than 5%, depending on the
experiment) expressing either the full-length G4 (pG4GFP) or
a truncated form (pG4P72GFP, amino acids 1 to 72) fused to
the amino terminus exhibited both a nuclear and mitochon-
drial localization; Fig. 8 shows examples of cells expressing
GAGFP (Fig. 8A) and G4P72GFP (Fig. 8B) that exhibit such
dual localization. Altogether, these observations demonstrate
that G4 is a protein localized in two different subcellular com-
partments, namely, the nucleus and the mitochondria.

The aim of this study was to cast light on the biological
properties of the R3 and G4 accessory proteins by analyzing
their subcellular localization. We have demonstrated that R3
accumulates in transfected HeLa Tat cells both in the nucleus
and in the cellular membranes. The fact that R3 resides in two
different subcellular compartments suggests that this protein
may shuttle between these different locations or accumulate in
one compartment or the other depending on the status of the
cell. Nuclear targeting of R3 was expected, as it contains the
first 17 residues of BLV Rex, which are predicted to be an
NLS. This nuclear localization was further supported by the
fact that these 17 residues were sufficient to direct the EGFP to
the nucleus (data not shown). These N-terminal 17 residues
can thus be considered to act as a functional NLS. Given that
unlike Rex, R3 does not contain a predicted nuclear export
signal, which along with the NLS and Rex-responsive element
binding sequences is essential for Rex function (2, 31), it is
tempting to speculate that R3 could act as a regulator of the
posttranscriptional activity of Rex. Besides its nuclear com-
partmentalization, the association of R3 with membranes, as
revealed by three different vectors (Fig. 1), was unexpected and
might be conferred by the protein’s hydrophobic sequences. A
similar localization was previously demonstrated for HTLV-1
p12' (25). However, whether R3 might be considered the ho-
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FIG. 7. The amino-proximal and arginine-rich a-helices of G4 are required for its mitochondrial targeting. HeLa Tat cells were transfected with
plasmid pG4GFP (A), pG4P72GFP (B), pG4L51GFP (C), pG4RGFP (D), pAG4GFP (E), or pG4Q25GFP (F) and were directly visualized by
confocal microscopy.
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FIG. 8. G4 accumulates in the nuclear and mitochondrial compartments in a minority of cells. Shown are HeLa Tat cells transfected with
pG4GFP (A) or pG4P72GFP (B) after staining with either anti-complex III and Texas Red-conjugated anti-rabbit immunoglobulin G (A) or
anti-cytochrome ¢ and Texas Red-conjugated anti-mouse immunoglobulin G (B).

mologue of HTLV-1 p12' remains to be established. In this
regard, it is noteworthy that HTLV-2, a close relative of
HTLV-1, encodes a protein named p10" that consists of the
amino terminus of Rex followed by hydrophobic sequences
and that accumulates mainly in the nucleus (8).

The present study also provided detailed information re-
garding the subcellular localization of G4. The data presented
here demonstrate that, in addition to being targeted to mito-
chondria, G4 can also be targeted to the nucleus of transfected
HeLa Tat cells. Three different tagging strategies have thus led
to a dual localization pattern of G4: in mitochondria and in the
nucleus. Evidence for mitochondrial targeting of G4 was ob-
tained by using specific mitochondrial markers (i.e., cyto-
chrome ¢ and multienzyme complex III). Interestingly, a mi-
nority of cells exhibited both nuclear and mitochondrial

localization. We conclude that G4 is in fact a complex protein
that resides both in the nucleus and in the mitochondria. Both
nuclear and mitochondrial signals were also reported for
HTLV-1 p13" (9, 12, 25); like G4, p13™ appears to reside
mainly in the mitochondria and is also detected in the nucleus
in a minority of cells. These results are in good agreement with
our recent data demonstrating that G4 colocalizes perfectly
with HTLV-1 p13™ (27).

We next asked whether the arginine-rich region of G4 span-
ning residues 63 to 70 could be involved in mitochondrial
targeting, as this has been reported for HTLV-1 p13" (9). Our
results revealed that unlike p13", mitochondrial localization of
G4 requires both the arginine-rich region and the hydrophobic
NH,-terminus leader. Indeed, the deletion of these regions
was sufficient to impair mitochondrial targeting of G4, and
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neither the amphipathic nor the amino-proximal helix was able
to target EGFP to mitochondria. Although the mitochondrial
targeting signal of G4 appears to be quite long (72 amino acids
instead of 20 to 60 residues), it is consistent with most of the
MTSs described to date (30). Indeed, it is located within the
N-terminal segment of the protein and harbors a net positive
charge (10 residues), five hydroxylated residues, and only one
negatively charged amino acid (D”"). Finally, since mitochon-
drial targeting sequences are predicted to form amphipathic
a-helices thought to be important for their specific recognition
by the protein import machinery, we may reasonably assume
that this property is provided by the a-helix situated within the
arginine-rich region. The unique feature that distinguishes G4
from other proteins harboring typical MTSs is the apparent
lack of MTS cleavage following import into mitochondria. In-
deed, G4 was detected at its expected full-length size after
analysis of FlagG4 and G4AGFP hybrid proteins by Western
blotting (data not shown), but we cannot exclude the fact that
cleavage of untagged G4 occurs in specific cell types. However,
proteolytic processing of MTS sequences does not seem to be
a strict prerequisite for mitochondrial localization, since some
well-known exceptions exist, including rhodanese, 3-oxo-acyl
coenzyme A thiolase, chaperonin 10 (reviewed in reference
30), and p13™ (9). These observations suggest that although
p13™ and G4 possess structurally distinct MTSs, both proteins
might utilize an import pathway that differs from that de-
scribed for most mitochondrial proteins.

From our mapping of the mitochondrial targeting signal of
G4, it appears that the arginine-rich region acts as an NLS.
Indeed, while attachment of the arginine-rich helix to EGFP
led to a diffuse staining pattern in the cytosol and in the
nucleus, removal of the hydrophobic helix directed partial nu-
clear targeting. The fact that the hydrophobic segment is fol-
lowed by recognition sequences for proteases is of interest and
suggests that cleavage events might modulate the targeting of
the protein. To confirm this hypothesis, it would be helpful to
identify the presumed proteases involved in the recognition of
this hydrophobic leader. Alternatively, the dual localization of
G4 in the mitochondria and in the nucleus could also be asso-
ciated with the shuttling of this polypeptide between these
compartments, as recently described for a newly identified
helicase (40). Such a differential protein distribution could also
depend on the physiology of the cells, as described for the
human immunodeficiency virus Tat protein (28), or might be
controlled by overall expression levels of the transfected gene
(16, 17). To address these questions, studies of the G4GFP
trafficking and localization in live cells would be helpful. The
localization of G4 in the nucleus suggests that it may act as a
transcriptional factor, as reported by Alexandersen et al. (2).
However, we did not observe any specific activation of the BLV
long terminal repeat promoter by G4. It is still possible that G4
activates the transcription of unknown cellular genes in the
nucleus, a property possibly related to its transforming poten-
tial in primary Ref cells (22). On the other hand, the presence
of G4 in mitochondria suggests its possible role in apoptosis, as
described for human immunodeficiency virus type 1 Vpr (19)
and Tat (28). Alternatively, G4 might affect essential mito-
chondrial functions such as respiration, ATP synthesis, or lipid
metabolism; further investigations are thus required to under-
stand the influence of G4 on mitochondria.
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In summary, this report provides additional clues concerning
the biological properties of BLV R3 and G4. The analogies
between R3 and p12' and G4 and p13™ at the level of subcel-
lular localization are likely to be important for future evalua-
tion of their respective functions and could offer new prospects
in our understanding of BLV- and HTLV-induced leukemia.
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