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The sheep genome harbors approximately 20 endogenous retroviruses (enJSRVs) highly related to the
exogenous Jaagsiekte sheep retrovirus (JSRV). One of the enJSRV loci, enJS56A1, acts as a unique restriction
factor by blocking JSRV in a transdominant fashion at a late stage of the retroviral cycle. To better understand
the molecular basis of this restriction (termed JLR, for JSRV late restriction), we functionally characterized
JSRV and enJS56A1 Gag proteins. We identified the putative JSRV Gag membrane binding and late domains
and determined their lack of involvement in JLR. In addition, by using enJS56A1 truncation mutants, we
established that the entire Gag protein is necessary to restrict JSRV exit. By using differentially tagged viruses,
we observed, by confocal microscopy, colocalization between JSRV and enJS56A1 Gag proteins. By coimmu-
noprecipitation and molecular complementation analyses, we also revealed intracellular association and likely
coassembly between JSRV and enJS56A1 Gag proteins. Interestingly, JSRV and enJS56A1 Gag proteins
showed distinct intracellular targeting: JSRV exhibited pericentrosomal accumulation of Gag staining, while
enJS56A1 Gag did not accumulate in this region. Furthermore, the number of cells displaying pericentrosomal
JSRV Gag was drastically reduced in the presence of enJS56A1. We identified amino acid residue R21 in JSRV
Gag as the primary determinant of centrosome targeting. We concluded that JLR is dependent on a Gag-Gag
interaction between enJS56A1 and JSRV leading to altered cellular localization of the latter.

Endogenous retroviruses (ERVs) are fixed in the genomes
of virtually all vertebrates and are believed to be the result of
germ line infections of ancient exogenous (i.e., horizontally
transmitted) retroviruses (6, 36). The great majority of ERVs
have accumulated, during evolution, mutations and/or dele-
tions that have altered their genomic structure. As a result of
these genomic changes, most ERVs are not infectious and are
nonpathogenic (15).

The selection in various animal species of transcriptionally
active ERVs with intact open reading frames suggests that
some of these elements have provided (and could still provide)
a beneficial effect to their host. One of the possible biological
functions of ERVs is the protection of the host against infec-
tion by exogenous pathogenic retroviruses. For example, some
mouse and chicken ERVs block infection of related exogenous
retroviruses at the early phases of the viral replication cycle by
receptor interference (6). Fv1, a murine gene derived from an
endogenous retrovirus, restricts infection in mice by the Friend
strain of murine leukemia virus at a postentry step (3).

Of particular interest is a unique mechanism of restriction
displayed at a late step of the retroviral replication cycle by an
endogenous betaretrovirus of sheep (19). Sheep betaretrovi-
ruses include the exogenous oncogenic Jaagsiekte sheep ret-
rovirus (JSRV) and approximately 20 copies of endogenous
viruses highly related to JSRV (hence the name enJSRVs) (23,
25, 26). JSRV is the causative agent of ovine pulmonary ade-
nocarcinoma, a transmissible lung cancer of sheep. enJSRVs
are, in turn, highly expressed in the genital tract of the ewe (23,

35) and play a role in the reproductive biology of this animal
species (11, 12, 24).

Three enJSRV proviruses have been cloned and character-
ized to date, including enJS56A1, enJS5F16, and enJS59A1
(23). Locus enJS56A1 possesses intact open reading frames for
all of its genes, although a frameshift in the last portion of pol
likely results in a nonfunctional viral integrase (23). Cells
transfected with an expression plasmid for enJS56A1 do not
release viral particles into the supernatant, although abundant
Gag is detected in cell lysates and intracytoplasmic viral par-
ticles can be observed by electron microscopy (19, 23). Nota-
bly, the defect possessed by enJS56A1 is transdominant over
JSRV (19). In particular, enJS56A1 blocks JSRV at a late step
of the virus replication cycle. For convenience, we will refer to
the enJS56A1-induced block of JSRV particle release as JLR,
for JSRV late restriction.

We previously mapped the main determinant of JLR to
residue 21 of the enJS56A1 Gag polyprotein (19). Gag, the
structural protein of the retroviral nucleocapsid core, plays a
central role in retroviral assembly and budding (38). Interest-
ingly, there is an arginine residue in Gag position 21 of JSRV
which is conserved in all betaretroviruses but replaced by a
tryptophan in enJS56A1. The mechanism and timing of JLR
are not yet understood. However, the observation of viral par-
ticles by electron microscopy in cells expressing enJS56A1 (or
coexpressing enJS56A1 and JSRV) suggests that JLR is de-
pendent on a defect in Gag trafficking, possibly occurring after
assembly. From studies conducted on Mason-Pfizer monkey
virus (M-PMV), it is hypothesized that betaretroviruses assem-
ble in the cytoplasm in a pericentrosomal region and then
traffic to the cell membrane by incompletely characterized
mechanisms involving the recycling endosomes and the viral
envelope glycoprotein (32, 33).
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Some of the determinants of Gag trafficking to the cell
membrane and exit, such as the membrane binding (M) and
late (L) domains, have been characterized for other retrovi-
ruses (38), but their involvement (if any) in JLR was not
known. Most retroviruses have a bipartite M domain com-
posed of a myristate linked to the N-terminal part of Gag and
a patch of basic amino acid residues located in the N-terminal
matrix (MA) domain (38). Mutation of the M domain alters
the ability of retroviral Gag to reach the cell membrane (20, 27,
28, 42). L domains are short amino acid sequences required
during viral exit for virus-cell separation (9, 14). Typical L
domain mutants are retained at the cell membrane, as they are
unable to pinch off from the cell (14).

In the present study, we functionally characterized the JSRV
and enJS56A1 Gag polyproteins. We identified putative JSRV
M and L domains and determined their lack of involvement in
JLR. We show that truncated enJS56A1 Gag polyproteins are
not able to block JSRV. Moreover, we show that JSRV and
enJS56A1 Gag proteins colocalize, associate in trans, and likely
coassemble. In addition, we show that the defect of enJS56A1
depends on its ability to misplace intracytoplasmic JSRV Gag
localization. Indeed, JSRV Gag concentrates in the pericen-
trosomal area unless enJS56A1 is coexpressed in the same cell.
Finally, we demonstrate that localization of JSRV Gag in the
pericentrosomal area depends primarily on amino acid residue
R21 in Gag. The results shown in this study argue that
enJS56A1 Gag blocks JSRV in trans by hampering the pro-
gression of the latter to the centrosome.

MATERIALS AND METHODS

Plasmids. pCMV4JS21 and pCMV2en56A1 express the full-length JSRV21

clone and the enJS56A1 locus, respectively, and have been described elsewhere
(23, 25). JSRV and enJS56A1 Gag proteins were differentially tagged with the
FLAG and hemagglutinin (HA) epitopes, at the carboxy-terminal position of
Gag and within the matrix domain before variable region 1, by overlap PCR.
pJSRVHA-MA, pJSRVFLAG-MA, penJS56A1HA-MA, and penJS56A1FLAG-
MA contain the HA or FLAG epitope in the MA domain and were derived from
pCMV4JS21 or from pCMV2en56A1. pJSRVHA-C was derived from pCMV4JS21.
In pJSRVHA-C, the JSRV Gag gene is fused at its C terminus-encoding end with
the HA coding sequence and is followed by the JSRV env gene and the 3� long
terminal repeat (LTR) of JSRV. penJS56A1HA-C was derived from pJSRVHA-C
by replacing JSRV gag with the enJS56A1 gag gene. pJSRVFLAG-C was derived
from pCMV4JS21 by introducing the FLAG epitope at the carboxy-terminal portion
of Gag by overlap PCR. penJS56A1FLAG-C encodes the enJS56A1 Gag protein
tagged at the carboxy terminus with the FLAG epitope and was derived from the
plasmid pGePEx (23).

Mutants JSR21A, JSK19E, JSH20E, JSK19E/H20E, JSR21A, JSR21E,
JSR21K, and JSG22A were obtained by site-directed mutagenesis, using Quick-
Change (Stratagene) as suggested by the manufacturer. The nomenclature of the
mutants indicates the virus from which they were derived (JS, JSRV; and en56,
enJS56A1), followed by a single letter indicating the amino acid mutated, a
number representing its position in Gag, and a letter indicating the amino acid
residue in the resulting mutant. Mutants JSR21W, JSR98C, en56W21R, and
en56W21R/C98R have been described previously (19).

Single and double late domain (LD) mutants were designated as follows:
pJS�LD201 carries a mutation of the proximal LD PSAP (Gag positions 201 to
204) to AGAP, whereas in pJS�LD207, the distal late domain PPAY is mutated
to AAAY (Gag positions 207 to 210). The double LD mutant pJS�LD201-7
carries both mutations.

Mutants penJS56A1�CA-NC and penJS56A1�NC were derived from
pCMV2enJS56A1 by insertion of a stop codon at positions 258 and 483 of Gag,
respectively. The deletion mutant penJS56A1�NC2 was derived from
pCMV2enJS56A1 by an in-frame deletion of Gag amino acid residues 490 to 548
in the nucleocapsid (NC) domain. enJS56A1�NC2 has a functional protease.
The mutant JSRV�pro is a full-length JSRV molecular clone with a deletion in
the pro gene resulting in a nonfunctional protease and has been described before

(19). The truncated mutant penJS56A1�MHR was derived from pCMV2en56A1
by deletion of Gag amino acid residues 403 to 422, encompassing the major
homology region of the capsid (CA) domain.

Cell cultures, transfections, and viral preparations. 293T and HeLa cells were
cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum at 37°C with 5% CO2 and 95% humidity. For Western blot analysis,
virus was produced by transient transfection of 293T cells, using a Calphos
mammalian transfection kit (Clontech) according to the manufacturer’s instruc-
tions. Cell supernatants were collected at 24 and 48 h posttransfection, and viral
particles were concentrated by ultracentrifugation. For analysis of intracellular
proteins, cells were lysed by standard techniques as already described (19).

For reverse-phase high-pressure liquid chromatography (RP-HPLC) separa-
tion, concentrated viral pellets were purified twice by isopycnic centrifugation on
a 25 to 55% (wt/wt) linear sucrose gradient. Fractions with buoyant densities
between 1.146 and 1.176 g/ml were pooled, concentrated by ultracentrifugation
as described above, and resuspended in 8 M sequencing-grade aqueous concen-
trate of high-purity guanidine-HCl (Pierce) and 2% �-mercaptoethanol. JSRV
Gag proteins were then separated by RP-HPLC and analyzed by N-terminal
protein sequencing at the NCI-SAIC AIDS Vaccine Program as previously
described (17, 21).

Western blot analysis. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blotting were performed as previously de-
scribed (25), using concentrated viral particles and cell lysates (50 �g of protein
extracts). Gag proteins were detected with rabbit polyclonal sera against JSRV
CA, p23 (MA), and NC and with an antiserum raised against the first 100
N-terminal amino acid residues of the JSRV Gag protein (Proteintech). Gag
proteins differentially tagged with either the HA or FLAG epitope were detected
with mouse monoclonal anti-HA (Covance) or anti-FLAG (Sigma) antibodies.
Membranes were exposed to the appropriate peroxidase-conjugated secondary
antibodies and further developed by chemiluminescence using ECL Plus (Am-
ersham). Each experiment was repeated independently at least three times, using
two different maxipreps for each transfected plasmid.

Coimmunoprecipitation assays. Coimmunoprecipitation assays were per-
formed with 293T cells transfected with the appropriate plasmids, as indicated in
Results. Forty-eight hours after transfection, cells were lysed with RIPA buffer
(150 mM NaCl; 50 mM Tris-HCl, pH 7.4; 1 mM EDTA, pH 8; 1 mM NaF; 1%
NP-40) supplemented with a protease inhibitor cocktail (Complete; Roche) and
1 mM phenylmethylsulfonyl fluoride, essentially as already described (40). Ly-
sates were sonicated and then centrifuged for 20 min at 14,000 � g to remove
insoluble material. For the evaluation of protein-protein interactions, 200 �g of
whole-cell extract was rocked with 20 �l of protein A-agarose beads (Santa Cruz
Biotechnology) and primary antibody (mouse monoclonal anti-FLAG or anti-
HA) at 4°C for 3 h. After three washes with lysis buffer, beads were resuspended
in SDS loading buffer, boiled for 5 min, and subjected to SDS-PAGE and
Western blotting as described above.

Confocal microscopy. HeLa cells were plated onto two-well chambered glass
slides (Lab-Tek, Nalge Nunc International) and transfected with Lipofectamine
(Invitrogen) according to the manufacturer’s instructions. Forty-eight hours after
transfection, cells were washed with phosphate-buffered saline and fixed with
ice-cold methanol for 5 min at �20°C. After fixation, cells were processed
essentially as already described (19, 33). Gag proteins were detected by using a
rabbit antiserum towards JSRV MA (p23) preadsorbed with HeLa cell extracts
to minimize the background. Gag proteins differentially tagged with either the
HA or FLAG epitope were detected with mouse monoclonal anti-HA (Covance)
or rabbit polyclonal anti-FLAG (Sigma). A mouse monoclonal antibody against
�-tubulin (Abcam) was used as a centrosome marker. The secondary antibodies
used were goat anti-mouse and anti-rabbit immunoglobulin G, conjugated with
Alexa 594 and Alexa 488, respectively (Molecular Probes). Slides were mounted
with medium containing DAPI (4�,6�-diamidino-2-phenylindole) (Vectashield;
Vector Laboratories) and analyzed with a Leica TCS SP2 confocal microscope.
In some experiments, the pattern of Gag staining was recorded as either diffuse,
dispersed, or concentrated, as already described (19). In addition, concentrated
Gag staining was scored as pericentrosomal or distant from the centrosome, as
described in Results. Statistical analysis of the data was performed by the chi-
square test.

RESULTS

JSRV Gag residues K19, H20, and R21 affect viral exit, but
only the last residue is involved in JLR. Our first aim was to
determine whether known domains involved in retroviral Gag
trafficking could play a role in JLR. Residue R21 in Gag is
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highly conserved among betaretroviruses (Fig. 1A) and is the
main determinant of JLR, as shown when it is replaced by
tryptophan (W) in enJS56A1. R21 is followed by a glycine
residue that is also highly conserved among betaretroviruses.
Thus, R21 and G22 could be part of a functional domain
required for JSRV trafficking/exit, and we further evaluated
the contributions of these amino acid residues to JLR by mu-
tagenesis.

Previously, we showed that the single mutant JSR21W re-

capitulates the phenotype displayed by enJS56A1 (19). We
derived JSRV mutants where the positively charged residue
R21 was replaced with either glutamic acid (JSR21E), alanine
(JSR21A), or lysine (JSR21K). Both the JSR21E and JSR21A
mutants showed the same phenotype as that of JSR21W, while
the more conservative mutant JSR21K failed to release viral
particles (Fig. 1B) but did not block JSRV release (Fig. 1C).
The JSG22A mutant was also incompetent for viral exit but did
not block viral release when coexpressed with JSRV (data not
shown).

In JSRV, R21 lies in close proximity to two other basic
residues, i.e., lysine (K) 19 and histidine (H) 20, which are
conserved in enJS56A1. R21 could be assumed to be part of
the basic patch of amino acid residues that form the JSRV M
(membrane) domain. Consequently, JLR might be the result
of a transdominant defective M phenotype displayed by
enJS56A1. If this was the case, disruption of the basic do-
main in JSRV MA would likely reproduce the interfering
phenotype even in the presence of R21. In order to test this
hypothesis, we derived JSRV mutants where K19 and H20
(individually or in combination) were replaced by the neg-
atively charged amino acid glutamic acid (E). Viral release

FIG. 2. Patterns of Gag staining by confocal microscopy of cells
expressing JSRV, enJS56A1, and M domain mutants. (A) By confocal
microscopy, Gag staining in HeLa cells expressing JSRV and
enJS56A1 is described as diffuse (panel a), dispersed (panel b), or
concentrated (panel c) (19). The figure represents typical examples of
enJS56A1-expressing cells; anti-MA staining is displayed in gray, and
the letter “N” indicates the location of the nucleus. (B) Gag staining
patterns of JSRV and enJS56A1 M domain mutants in a representative
experiment. The number on top of each bar indicates the total number
of cells counted for each virus/mutant.

FIG. 1. Mutational analysis of JSRV Gag amino acid residues 19,
20, and 21. (A) Alignment of the N-terminal Gag peptides from the
indicated viruses, using ClustalW (39). R21 and G22 are highly con-
served among betaretroviruses. Highly conserved residues are high-
lighted in bold. R21 and G22 are indicated with vertical arrows. K19
and H20 are underlined. Consensus symbols are displayed below the
alignment, as follows: “*” indicates identical residues in all sequences
in the alignment, “:” indicates conserved substitutions, and “.” indi-
cates semiconserved substitutions. ENTV, enzootic nasal tumor virus;
M-PMV, Mason-Pfizer monkey virus; SRV-2, simian retrovirus 2; TV-
ervD, brushtail possum type D endogenous retrovirus; MMTV, mouse
mammary tumor virus; HERV-K, human endogenous retrovirus K.
(B) Analysis of JSRV mutants bearing mutations in the highly basic
region of the M domain. Viral pellets (upper panel) and lysates (lower
panel) of cells transfected with the indicated plasmids were resolved by
SDS-PAGE and immunoblotted with a JSRV CA antiserum.
(C) Western blot analysis of viral pellets (upper panel) and lysates
(lower panel) of cells cotransfected with expression plasmids for JSRV
and mutants, as indicated.
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of JSH20E and JSK19E/H20E was severely impaired, while
JSK19E did not display any defect in viral exit (Fig. 1B).
However, when cotransfected with JSRV, neither JSH20E
nor JSK19E/H20E blocked viral particle release in a trans-
dominant fashion (Fig. 1C), suggesting that JLR is not the
result of a dominant-negative M domain phenotype but is
specifically dependent on residue R21.

Next, we studied cells expressing the above mutants by con-
focal microscopy. We previously classified cells expressing
JSRV and enJS56A1 as diffuse, dispersed, and concentrated to
describe the distribution of Gag staining by immunofluores-
cence (Fig. 2A) (19). This definition is dependent on whether
the majority of Gag staining is uniformly diffuse (Fig. 2A, panel
a) within the cytoplasm, dispersed in discrete dots (Fig. 2A,
panel b), or concentrated (Fig. 2A, panel c) in a major location
within the cell, usually the perinuclear region. Intermediate

phenotypes, especially between the diffuse and dispersed phe-
notypes, are also observed. The phenotype of cells expressing
JSRV or enJS56A1 by confocal microscopy is similar to that
observed with the related betaretrovirus M-PMV (33). Avail-
able data on M-PMV (33) and the results shown below suggest
that the diffuse phenotype corresponds mainly to newly syn-
thesized Gag, the concentrated phenotype corresponds to Gag
localizing to the pericentrosomal area, where it is proposed to
assemble (see below), and the dispersed phenotype is Gag
trafficking to the membrane or to the centrosome.

Cells expressing the myristoylation-defective JSRV mu-
tant JSG2A showed a significant increase in cells with con-
centrated perinuclear staining compared to cells expressing
wild-type JSRV (P � 0.001) (Fig. 2B) (19). Mutant JSK19E/
H20E also showed an increase (although not as pronounced
as that of JSG2A) in cells with a concentrated phenotype

FIG. 3. Analysis of JSRV L domains. (A) Viral pellets from cells transfected with increasing amounts of the indicated plasmids were resolved
by SDS-PAGE and immunoblotted with an antiserum towards JSRV MA. The names of the transfected constructs are indicated below the panels,
while the amounts of plasmid DNA transfected (in 10-cm dishes) are shown above the upper panel. (B) Lysates of cells transfected with the
indicated plasmids were resolved by SDS-PAGE and immunoblotted with an antiserum towards JSRV MA. Cells expressing JSRV�LD201-7
showed more intense bands for both immature and mature Gag, indicative of a defect in viral exit for this virus. (C) Confocal microscopy of HeLa
cells expressing JSRV and JSRV L domain mutants. Anti-MA staining is displayed in green, and nuclei are shown in blue. Cells expressing
JSRV�LD201-7 show a characteristic accumulation of Gag staining at the cell membrane. Bar, 5 �m. (D) Viral pellets (upper panel) and lysates
(lower panel) of cells transfected with the indicated plasmids were resolved by SDS-PAGE and immunoblotted with an antiserum towards JSRV
MA. JSRV�LD201-7 is defective for viral exit but is not transdominant over wild-type JSRV.
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compared to JSRV, but in this case the difference was not
statistically significant (P � 0.1). In contrast, cells expressing
JSR21W (19) and JSR21E showed a phenotype similar to
that of JSRV and, if anything, a relative decrease in con-
centrated Gag staining, further reinforcing the hypothesis
that the block induced by R21 mutation is distinct from
trafficking defects involving the JSRV M domain. Interest-
ingly, cells expressing JSG22A did not show concentrated
Gag staining in the perinuclear region, suggesting that this
mutant might induce a defect different from those caused by
both R21 and H19/K20 mutations.

Overall, these results indicate that the highly conserved R21
and G22 residues are specifically required for JSRV exit, al-
though only the former appears to be involved in JLR. JSRV
K19 and H20 appear to contribute to JSRV exit and to be part
of its M domain, similar to the case for other well-character-
ized retroviral M domains (38).

Identification of putative JSRV L domains. We searched for
putative L domains in JSRV Gag to experimentally rule out an
involvement of these domains in JLR. Tandem PSAP and
PPAY domains were identified at positions 201 to 204 and 207
to 210 of Gag, respectively. Both the sequences and relative
positions in JSRV Gag of these domains are analogous to those
of the M-PMV L domains, although the order is inverted (16, 41).
To establish whether these sequences were bona fide L domains,
we first transfected 293T cells with wild-type JSRV or L domain
mutants and compared the amounts of virus produced by West-
ern blotting. L domains were mutated individually (JS�LD201
and JS�LD207) or in combination (JS�LD201-7), according to
studies performed on M-PMV (16).

Expression of the double mutant JS�LD201-7 resulted in
reduced virus particle production and the accumulation of
intracellular Gag compared to those of wild-type JSRV, as
assessed by Western blotting (Fig. 3A and B). Indeed, cells
expressing JS�LD201-7 displayed variable accumulation of
Gag staining at the cell membrane by confocal microscopy
(Fig. 3C). Cells expressing JSRV�LD201, in some cases, also
showed an accumulation of Gag at the cell membrane, al-
though both the number of cells displaying this phenotype and
the degree of Gag accumulation were not as pronounced
as those with cells expressing JS�LD201-7. Expression of
JS�LD207 did not result in significant accumulation of Gag
staining at the membrane or in cell lysates.

We ruled out the hypothesis that JLR could result from a
transdominant L domain phenotype by coexpressing JSRV
with JS�LD201-7 in 293T cells. This mutant was unable to
block JSRV and was further rescued by the wild-type virus
(Fig. 3D). Collectively, the data presented so far suggest that
the mechanisms governing JLR restriction appear to be unre-
lated to known signals/mechanisms of Gag trafficking.

Truncated enJS56A1 Gag mutants do not block JSRV. Since
the main determinant of JLR lies within the N-terminal region
of Gag, it was of interest to determine whether enJS56A1
mutants with truncated Gag could still block JSRV release.
enJS56A1 is defective and transdominant, while in general,
retroviral Gag-defective mutants are rescued by homologous
wild-type viruses. Therefore, a possibility was that enJS56A1
Gag could restrict JSRV without necessarily interacting with
the latter but, for example, by saturating cellular factors re-

quired for Gag trafficking. If this was the case, enJS56A1 mu-
tants with truncated Gag could still interfere with JSRV exit.

In order to design precise deletion mutants, the exact bound-
aries of the mature JSRV Gag protein were determined by treat-
ing sucrose gradient-purified viral preparations with 8 M guani-
dine-HCl, followed by RP-HPLC separation and N-terminal
sequencing of the isolated peptides (L. Henderson and R. Sow-
der, personal communication). The results obtained suggest that
JSRV Gag is cleaved into at least five products, in the following
order: MA (p23)-p15-CA (p26)-NC-p4. The predicted bound-
aries of the mature JSRV Gag protein are indicated in Fig. 4A.
These data are in agreement with previous studies of 35S-labeled
JSRV virions, which revealed the presence of five polypeptides
(excluding the surface and transmembrane domains of the enve-
lope glycoprotein) with apparent molecular masses in an SDS-
PAGE gel of 26, 23, 15, 10, and 5 kDa (26). We confirmed that
p26 is CA, p23 is MA, and p10 is NC by Western blot analysis

FIG. 4. Truncated enJS56A1 Gag mutants do not block JSRV exit.
(A) Organization of JSRV Gag. The names of the Gag cleavage prod-
ucts are displayed inside the boxes (with the exception of p4, which is
indicated below). Vertical lines indicate the cleavage sites. The num-
bers above the bar refer to the positions of the boundaries in mature
Gag of the JSRV21 infectious molecular clone (20). Myristate is rep-
resented by a gray circle. The relative positions of the L and M
domains are also indicated. The apparent molecular weights of MA,
CA, and NC are indicated below the bar. (B) Western blot analysis of
enJS56A1 deletion mutants. Viral pellets (upper panel) and lysates
(lower panel) of cells transfected with the indicated plasmids were
resolved by SDS-PAGE and immunoblotted with a JSRV MA anti-
serum. Truncated constructs did not interfere with JSRV exit.
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using a panel of specific polyclonal antisera and JSRV expression
plasmids bearing HA epitopes within MA (not shown). Besides
Gag, the mature surface (SU) domain of the JSRV envelope
glycoprotein and cellular ubiquitin were also detected in purified
viral particles. The N-terminal SU sequence started at Env amino
acid residue 81 (AAFWAY. . .), in agreement with the previously
predicted cleavage site of the leader peptide (23, 25).

Truncated mutants expressing MA-p15 (enJS56A1�CA-
NC) and MA-p15-CA (enJS56A1�NC) were derived by insert-
ing a stop codon by site-directed mutagenesis at the predicted
boundaries between p15 and CA and between CA and NC.
As expected, cells transfected with these mutants expressed
Gag proteins of lower molecular weights (Fig. 4B). Neither
enJS56A1�CA-NC nor enJS56A1�NC was able to block
JSRV exit, indicating that an entire enJS56A1 Gag protein is
necessary for JLR. The inability of enJS56A1�CA-NC to block
JSRV could be due to the much lower level of expression of

this mutant than of enJS56A1, probably as a result of non-
sense-mediated mRNA decay (2, 18). However, the expression
of enJS56A1�NC was comparable to that of enJS56A1. To
prove that the different interfering properties displayed by
enJS56A1 and enJS56A1�NC were not due to differences in
Gag expression levels, we cotransfected JSRV with either fixed
amounts of enJS56A1�NC or serial dilutions of enJS56A1. As
expected, enJS56A1 induced JLR even when its Gag expres-
sion levels were clearly lower than those of enJS56A1�NC (not
shown).

JSRV and enJS56A1 Gag proteins colocalize. We then inves-
tigated whether enJS56A1 and JSRV Gag proteins colocalize
within the cell, as this would be suggestive of a restriction mech-
anism occurring in trans. We differentially tagged JSRV and
enJS56A1 Gag proteins by fusing the FLAG and HA epitopes at
the carboxy-terminal end of Gag or within the MA domain
(Fig. 5A). The phenotypes of the parental viruses were not

FIG. 5. JSRV and enJS56A1 Gag proteins colocalize. (A) Schematic representation of JSRV and enJS56A1 tagged constructs. (B) Representative
images of confocal microscopy of HeLa cells coexpressing either JSRVFLAG-C and enJS56A1HA-C, JSRVHA-C and enJS56A1FLAG-C, or
JSRVHA-MA and enJS56A1FLAG-MA. Strong colocalization of JSRV and enJS56A1 is observed in all cases. Both dispersed and concentrated
phenotypes are represented (see Results). FLAG staining is displayed in green, HA staining is shown in red, and nuclei are shown in blue. Bar, 5 �m.
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altered by the addition of the epitopes, as all of the tagged
JSRV and enJS56A1 viruses were competent for viral release
and interference, respectively (not shown).

By confocal microscopy, we observed strong colocalization
between JSRV and enJS56A1 Gag proteins (Fig. 5B) in both
cells displaying the dispersed phenotype and those displaying
the concentrated phenotype. Essentially the same results were
obtained with constructs where Gag was tagged at the C-
terminal end or within the MA domain.

JSRV and enJS56A1 associate in trans. The colocalization
data showed above suggest that JLR is likely due to an inter-
action in trans between JSRV and enJS56A1 Gag proteins. To
address this point, we performed coimmunoprecipitation ex-
periments with cells coexpressing differentially tagged JSRV
and enJS56A1. As shown in Fig. 6A, JSRV and enJS56A1 Gag
proteins coimmunoprecipitate, suggesting an association in
trans.

Complementation assays were also performed by coexpress-
ing JSRV�pro and enJS56A1�NC2. JSRV�pro is an exit-
competent virus with a truncated, nonfunctional viral protease
(19), while the defective (but not interfering) enJS56A1�NC2
virus contains an in-frame deletion in NC and an intact pro
gene. As shown in Fig. 6B, expression of JSRV�pro results in
the release of viral particles with immature Gag only, while
viral particles obtained by coexpressing JSRV�pro with
enJS56A1�NC2 have both immature and mature cleaved Gag
proteins. Thus, JSRV�pro rescues and coassembles with
enJS56A1�NC2, as Gag maturation (cleavage) can happen
only when the viral protease is contained within the retroviral
particle (30).

Furthermore, enJS56�MHR, an enJS56A1 mutant deleted
of the major homology region (MHR) in CA, was not able to
interfere with JSRV (Fig. 6C). These data indirectly suggest
that JSRV-enJS56A1 coassembly is required for JLR, given
that the retroviral MHR in Gag is required for correct particle
assembly (8, 29, 37).

As a whole, the data described above and our published
observations of intracytoplasmic particles by electron micros-
copy in cells expressing enJS56A1, with or without JSRV (19),
suggest that JSRV and enJS56A1 associate and, most likely,
coassemble.

JSRV and enJS56A1 Gag proteins display differential intra-
cellular targeting. In our previous study, no major differences
in Gag staining patterns were observed in cells expressing
either JSRV or enJS56A1 (or both), with the exception of a
higher intensity of Gag staining in enJS56A1-expressing cells
(19). The staining pattern of JSRV or enJS56A1 Gag by im-
munofluorescence is similar to that described for cells express-
ing M-PMV, a betaretrovirus like JSRV (32, 33). M-PMV
targets Gag to the pericentrosomal region, where it has been
hypothesized to assemble, and then traffics to the cell mem-
brane by mechanisms dependent on the recycling endosomes
and the viral envelope (32, 33).

Thus, Gag targeting to the centrosome appears to be one of
the first critical steps after translation in the betaretrovirus
replication cycle. To begin to determine exactly the stage(s)
when JLR occurs, we initially investigated whether JSRV and
enJS56A1 Gag proteins concentrate in the vicinity of the cen-
trosome. We analyzed cells transiently expressing JSRV or
enJS56A1 and performed confocal microscopy using antisera

FIG. 6. Association between JSRV and enJS56A1 Gag proteins.
(A) 293T cells were cotransfected with enJS56A1HA-MA and JSRV-
FLAG-MA. At 48 h posttransfection, cell lysates were immunoprecipi-
tated (IP) and analyzed by SDS-PAGE/Western blotting (WB) as
indicated beside each panel. Gag expression was assessed by Western
blotting using a JSRV MA antiserum. enJS56A1-JSRV Gag associa-
tion is evident in lysates from cells cotransfected with both viruses
(lane 4). Note that the JSRV MA antiserum is a polyclonal serum and
is much more sensitive in Western blotting than the anti-HA or anti-
FLAG monoclonal antibody. (B) Supernatants of cells transfected with
the indicated plasmids were resolved by SDS-PAGE and immuno-
blotted with an antiserum towards JSRV CA. Note that JSRV�pro
releases virus particles into the supernatant with an immature Gag
(lane 5) because of the lack of a functional protease in this virus.
Coexpression of JSRV�pro and enJS56A1�NC2 (lane 8) leads to the
release of viral particles with both immature and mature Gag. (C) Su-
pernatants and lysates of cells transfected with the indicated plasmids
were resolved by SDS-PAGE and immunoblotted with an antiserum
towards JSRV MA. Note that enJS56A1�MHR is highly expressed
(lane 4) but does not interfere with JSRV exit (lane 6).
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FIG. 7. Intracellular targeting of JSRV and enJS56A1 Gag proteins. (A) HeLa cells were transfected with JSRV (panels a to c), JSRVHA-MA
(panels d to f), or enJS56A1 (panels g to i) or cotransfected with JSRVHA-MA and enJS56A1 (panels j to l) and then stained with anti-�-tubulin
antibodies and antiserum to either JSRV MA (panels a to c and g to i) or the HA tag (panels d to f and j to l). Gag and HA staining is shown
in green, while �-tubulin staining is shown in red. Centrosomes are indicated with white arrows. (B and C) Quantification of centrosomal targeting
in cells expressing concentrated Gag staining (see Results). Viruses/mutants are indicated on the right. The number on top of each bar indicates
the total number of cells counted per sample.
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towards JSRV MA and �-tubulin (a centrosomal marker).
Cells with a concentrated Gag staining pattern were then
scored for the presence of Gag in the pericentrosomal area.
We arbitrarily defined Gag staining within a 3-�m radius of the
centrosome as “pericentrosomal,” as 97% of cells expressing
concentrated JSRV Gag displayed positive staining within this
area (Fig. 7A and B). In contrast, enJS56A1 showed a signif-
icantly different phenotype, with only 20% of cells having con-
centrated Gag staining in the pericentrosomal area (P � 0.001)
(Fig. 7A and B).

We repeated the experiments described above, using a va-
riety of mutants, to assess whether the primary determinants of
JSRV Gag centrosome targeting corresponded to the JLR
determinants. The following mutants were tested: JSR21W
(defective and interfering), JSR21W-C98R-V102L (defective
and interfering), JSR98C (defective but not interfering),
JSR21K (defective but not interfering), and the reverse
enJS56A1 mutants en56W21R and en56W21R-C98R (compe-
tent for viral exit) (19). Remarkably, only 40% of the Gag-
positive cells expressing JSR21W and 32% of those expressing
JSR21W-C98R-V102L displayed pericentrosomal accumula-
tion (P � 0.001), whereas the intracellular distributions of the
defective-but-not-interfering mutants JSR98C and JSR21K
were similar to that observed for JSRV. The revertant mutant
en56A1W21R displayed 55% of cells with a concentrated phe-
notype in the pericentrosomal region, and the double mutant
en56A1W21R/C98R displayed a phenotype more similar to
that of JSRV than to that of enJS56A1 (P � 0.001) (Fig. 7B).
These results indicate that JSRV and enJS56A1 are targeted to
different subcellular compartments: JSRV reaches the centro-
some, while enJS56A1 does not appear to reach this region.
The major determinant of centrosome targeting is amino acid
residue R21, although residue R98 could also be an additional
trafficking signal for this region.

We reasoned that the pericentrosomal localization of JSRV
must be altered in the presence of enJS56A1, given the fact
that both viruses colocalize when expressed within the same
cell. To test this hypothesis, we used cells cotransfected with
enJS56A1 and JSRV or JSRVMA-HA. By using JSRVMA-
HA, we could distinguish between JSRV and enJS56A1 Gag
proteins by using an anti-HA antibody. As expected, among
cells cotransfected with JSRVMA-HA and enJS56A1, 75% of
cells did not accumulate HA staining in the pericentrosomal
area (P � 0.001 compared to values obtained for cells express-
ing JSRVMA-HA alone) (Fig. 7A and C). Accumulation of
Gag staining was also mainly distant from the centrosome in
cells where wild-type JSRV (without any tag) was coexpressed
with enJS56A1 (P � 0.001) (Fig. 7C). Similar results were
observed when JSRVMA-HA was cotransfected with the de-
fective and interfering mutant JSR21W (P � 0.001) (Fig. 7C).
In contrast, when JSRVMA-HA was cotransfected with
JSR98C (a defective but noninterfering mutant), the pattern of
HA staining was similar to that for JSRVMA-HA alone, al-
though there was a statistically significant increase in the num-
ber of cells with concentrated Gag staining that did not localize
in the pericentrosomal area (P � 0.001). Overall, these results
suggest that enJS56A1 hampers the intracellular targeting of
JSRV Gag to the centrosome.

DISCUSSION

Expression of enJS56A1, an endogenous sheep betaretrovi-
rus, blocks the release of JSRV in a transdominant manner
(19). The late timing of this block (referred to as JLR) is
unique compared with the earlier replication steps affected by
other well-characterized retroviral and cellular restriction fac-
tors (e.g., Fv1, Fv4, Trim5	, APOBEC-3G, etc.) (4, 5).

In this study, we determined that JSRV and enJS56A1 Gag
proteins colocalize, associate in trans, and likely coassemble.
enJS56A1 displaces the intracellular localization of JSRV Gag.
More specifically, the data shown argue that JLR is due to a
block in JSRV targeting to the pericentrosomal region by a
mechanism independent from other previously known Gag
trafficking domains.

We previously mapped the main determinant of JLR to
amino acid residue R21 within JSRV Gag (19), which is a
conserved residue among betaretroviruses that is mutated to
tryptophan in enJS56A1. The main determinant of JSRV Gag
centrosomal targeting is also residue R21. The R21W substi-
tution is not strictly necessary for JLR, as single JSRV mutants
carrying amino acid residues other than R at position 21 are
incompetent for viral release and transdominant over JSRV,
with the conservative mutant JSR21K being the only exception.

Thus, the block of JSRV Gag targeting to the centrosome by
enJS56A1 seems to be the key event in JLR. Indeed, those
JSRV mutants that are defective but still able to reach the
centrosome (such as JSR98C, JSR21K, and the M and L do-
main mutants) do not interfere with JSRV replication. How-
ever, at the moment, we cannot rule out that the block in JSRV
Gag centrosome targeting could be the consequence, rather
than the cause, of JLR.

The centrosome has been hypothesized to be the site of
assembly for M-PMV (another betaretrovirus). Once assem-
bled, M-PMV particles traffic to the cell membrane by as yet
uncharacterized mechanisms that require the viral envelope
and recycling endosomes (32, 33). Because M-PMV appears
to assemble at the centrosome, one could hypothesize that
JLR results from altered assembly. Our data suggest that
JSRV and enJS56A1 coassemble, considering that (i) JSRV
and enJS56A1 Gag proteins colocalize and associate in trans;
(ii) we observed, by electron microscopy, viral particles within
the cytoplasm of cells expressing enJS56A1 or coexpressing
enJS56A1 and JSRV (19); and (iii) enJS56A1 truncation mu-
tants or mutants lacking the MHR are defective but do not block
JSRV. Furthermore, in a protease complementation assay, we
have shown that an enJS56A1 mutant with an in-frame deletion
in NC and a functional protease (enJS56A1�NC2) coassembles
with JSRV�pro. It can be argued that enJS56A1�NC2 is not
transdominant and, consequently, does not completely re-
capitulate the enJS56A1 phenotype. However, enJS56A1
and enJS56A1�NC2 possess identical CA domains and retro-
viral CA dictates coassembly (1). Thus, there are strong indi-
cations that JSRV and enJS56A1 Gag proteins coassemble, at
least in part, and that coassembly is required for JLR.

The precise mechanisms of JLR action are not known at
present. A possibility is that even a minority of enJS56A1 Gag
molecules alters the overall conformation of JSRV/enJS56A1
viral particles (or multimerized Gag molecules) so that they
are unable to bind cellular factors that direct them to the
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centrosome. In this model, enJS56A1 and JSRV Gag proteins
coassemble in a noncentrosomal region where the newly
formed particles are not able to reach the cell membrane.

In general, the nature of the association between any cellular
protein assisting trafficking and Gag would have to be revers-
ible or temporary. Thus, the defect of enJS56A1 could even
result from its Gag protein binding cellular factors irreversibly
(or more tightly than necessary). Alternatively (or addition-
ally), enJS56A1 Gag might actively target, in a transdominant
fashion, a cellular compartment where viral particles cannot
reach the cell membrane and egress from the cell.

In M-PMV, a region of 18 amino acids within the MA,
known as the cytoplasmic targeting-retention signal, is respon-
sible for directing Gag molecules to the centrosome. A single
mutation in this domain (R55W) abolishes centrosomal target-
ing, but the resulting mutant is still able to assemble at the cell
membrane, like those viruses that follow the so-called C-type
assembly (e.g., human immunodeficiency virus, murine leuke-
mia viruses, etc.) (7, 31). Thus, centrosomal targeting does not
appear to be absolutely necessary for betaretroviral assembly.
JSRV bears a threonine in correspondence with M-PMV R55,
and it has not been determined whether a cytoplasmic target-
ing-retention signal domain is present in this virus. JSRV R21
might be part of an equivalent domain, but if this were the
case, we would expect the JSR21W mutant to display a C-type
assembly and efficient exit from the cell rather than a domi-
nant-negative phenotype.

Studies on the molecular biology of JSRV Gag are lacking,
despite the vast body of knowledge of this protein in other
retroviruses (9, 13). To better understand the molecular mech-
anisms underpinning JLR, we identified known trafficking sig-
nals and evaluated their functionality within the context of
JSRV. This approach allowed us to identify putative JSRV L
and M domains and to rule out their involvement in JLR.

From an evolutionary perspective, the strict requirement for
R21 in JSRV release suggests that the R-to-W mutation be-
came fixed in the sheep genome after integration. This seems
feasible, since in enJS56A1 the codon TGG encodes a W,
while AGG encodes an R in other enJSRV loci (23; F. Arnaud
and M. Palmarini, unpublished results). Thus, a single nucle-
otide substitution would have been sufficient to select a provi-
rus with dominant-negative interfering properties. enJSRVs
(including enJS56A1 or similar proviruses possessing W21 in
Gag) are highly expressed in the genital tract of the ewe (10,
19, 22, 23, 35). enJSRVs are also able to interfere with JSRV
by receptor competition (34). enJSRVs might therefore have
been selected in sheep because they protected the host against
exogenous retroviral infection by a seemingly powerful two-
step interference mechanism. However, interference with ex-
ogenous pathogenic retroviruses is not the only biological func-
tion of enJSRVs. Recently, we have shown that enJSRVs are
absolutely required for sheep conceptus development (11, 12),
further reinforcing the hypothesis that endogenous retrovi-
ruses have benefited the evolution of their host (6).

Unfortunately, there is no tissue culture system for the prop-
agation of JSRV. Thus, our system has to rely on cells being
transfected rather than infected. However, the concern related
to protein overexpression is greatly reduced by our published
data (19), where we have shown that enJS56A1 is still able to
block JSRV exit even after transfection at a plasmid DNA ratio

of 1 (enJS56A1) to 15 (JSRV). Thus, enJS56A1 blocks JSRV
exit despite overexpression of the latter.

Understanding the mechanisms of JLR could inspire the
design of novel antiretroviral strategies and shed light on early
events in retroviral assembly and/or trafficking. In addition, this
unique viral block provides additional clues to the variety of
mechanisms shaping coevolution of endogenous/exogenous
retroviruses and their hosts.
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