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Equine Infectious Anemia Virus Gag Assembly and Export Are
Directed by Matrix Protein through trans-Golgi Networks and Cellular
Vesicles
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ABSTRACT

Gag intracellular assembly and export are very important processes for lentiviruses replication. Previous studies have demon-
strated that equine infectious anemia virus (EIAV) matrix (MA) possesses distinct phosphoinositide affinity compared with
HIV-1 MA and that phosphoinositide-mediated targeting to peripheral and internal membranes is a critical factor in EIAV as-
sembly and release. In this study, we compared the cellular assembly sites of EIAV and HIV-1. We observed that the assembly of
EIAV particles occurred on interior cellular membranes, while HIV-1 was targeted to the plasma membrane (PM) for assembly.
Then, we determined that W7 and K9 in the EIAV MA N terminus were essential for Gag assembly and release but did not affect
the cellular distribution of Gag. The replacement of EIAV MA with HIV-1 MA directed chimeric Gag to the PM but severely im-
paired Gag release. MA structural analysis indicated that the EIAV and HIV-1 MAs had similar spatial structures but that helix 1
of the EIAV MA was closer to loop 2. Further investigation indicated that EIAV Gag accumulated in the trans-Golgi network
(TGN) but not the early and late endosomes. The 9 N-terminal amino acids of EIAV MA harbored the signal that directed Gag to
the TGN membrane system. Additionally, we demonstrated that EIAV particles were transported to the extracellular space by
the cellular vesicle system. This type of EIAV export was not associated with multivesicular bodies or microtubule depolymeriza-

tion but could be inhibited by the actin-depolymerizing drug cytochalasin D, suggesting that dynamic actin depolymerization

may be associated with EIAV production.

IMPORTANCE

In previous studies, EIAV Gag was reported to localize to both the cell interior and the plasma membrane. Here, we demonstrate
that EIAV likely uses the TGN as the assembly site in contrast to HIV-1, which is targeted to the PM for assembly. These distinct
assembly features are determined by the MA domain. We also identified two sites in the N terminus of EIAV MA that were im-
portant for Gag assembly and release. Furthermore, the observation of EIAV transport by cellular vesicles but not by multive-
sicular bodies sheds light on the mechanisms underlying EIAV cellular replication.

Equine infectious anemia virus (EIAV) is a lentivirus that causes
a lifelong persistent infection in equids. The EIAV genome is
the simplest among the lentivirus family and only encodes three
accessory proteins (Tat, Rev, and S2) (1). Similar to all retrovi-
ruses, EIAV Gag is the major viral structural protein, and its ex-
pression in appropriate cells is sufficient to generate extracellular
virus-like particles (VLPs). The polyprotein of EIAV Gag com-
prises four major domains: matrix (MA), capsid (CA), nucleocap-
sid (NC), and p9. These domains are cleaved by a viral protease
during the final stages of Gag assembly to form infectious particles
(2, 3). The four proteins that compose the Gag polyprotein are
critical for retrovirus assembly and budding: the MA domain tar-
gets Gag to the site of viral assembly and facilitates Gag-membrane
binding, the central CA domain has been shown to mediate the
Gag-Gag interaction and homo-oligomerization in an ordered
manner during viral assembly and determines the particle mor-
phology, and NC contains an RNA-binding domain and enables
the packaging of the viral genome and Gag multimerization (4).
The EIAV p9 contains an YPDL L domain that connects to the
ESCRT pathway via ATP1/Alix and is critical for viral release dur-
ing the late stage of virus budding (5-7). Similarly, HIV Gag con-
tains both PTAP and YPLA L domains that bind directly to
TSG101/ESCRT-I and ALIX, respectively, to promote viral bud-
ding (4, 8,9).
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It is widely accepted that HIV-1 Gag assembly and budding
occur predominantly on the plasma membrane (PM) and are me-
diated by the Gag N-terminal myristoylated MA domain. The
myristyl group is essential for facilitating membrane anchoring
and Gag assembly. Disrupting the conserved basic residues of the
myristyl group leads to inefficient Gag targeting to the PM, which
results in reduced virus production (10, 11). Additionally, the
association of HIV-1 MA with phosphatidylinositol 4,5-biphos-
phate [P1(4,5)P,], a phosphoinositide present on the inner leaflet
of the plasma membrane, is essential for Gag targeting to the PM
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(12). Gag multimerization and pH are regarded as “internal mod-
ulators” that regulate the exposure of the myristyl group. Similar
to the HIV-1 MA, the MA domains of other retroviruses also
interact with phosphoinositides. However, the type of phospho-
inositide and the degree of phosphoinositide binding may vary
among different retroviruses. The crystal structure of EIAV MA
has been reported. Despite the lack of apparent sequence similar-
ity with the MAs of primate lentiviruses, the EIAV MA shows
striking overall structural similarity to the MAs of HIV-1 and SIV
(13). However, the EIAV MA differs from the HIV-1 MA in that it
lacks a myristoylation signal and binds to phosphatidylinositol
3-phosphate [PI(3)P] with a higher affinity than PI(4,5)P, (14,
15). Moreover, EIAV virus-like particle (VLP) release is inhibited
by YM201636 [a kinase inhibitor that blocks the production of
PI(4,5)P, from PI(3)P] and induces Gag colocalization with aber-
rant compartments (15). EIAV VLP release is not significantly
inhibited by the coexpression of 5ptase IV, which can lead to the
accumulation of HIV-1 Gag at multivesicular body (MVB) mem-
branes, thereby inhibiting HIV-1 assembly and viral production
(15). Recently, the HIV-1 MA was reported to bind almost exclu-
sively to specific tRNAs in the cytosol, thereby regulating Gag
binding to cellular membranes (16).

The L domain describes motifs whose mutation induces the
characteristic defective assembly phenotype, whereby virions fail
to separate from the cell membranes. The L domain also serves as
a docking site for the recruitment of cellular factors, thereby pro-
viding functions that are essential for virion assembly and bud-
ding. To date, three types of L domains have been identified:
PTAP, PPXY, and YPXL (8). The originally identified motif is the
HIV-1 PTAP motif, which acts by recruiting Tsg101, an essential
component of the ESCRT I complex that is responsible for the
formation of MVBs (17, 18). PPXY is a consensus sequence for
interaction with the WW domain of proteins; this domain is pres-
ent in multiple copies in HECT ubiquitin ligases such as Nedd4
(19). Interestingly, the EIAV YPDL motif specifically interacts
with AIP1/Alix, which acts as a bridging factor between ESCRT-I
and ESCRT-III (5). Moreover, the p subunit of the AP-2 adaptor
protein complex was reported to interact with the EIAV YPDL
motif, thereby facilitating virion production (6). Although these L
domains function by interacting with different cellular proteins,
interchangeability is allowed. For example, both the PTAP and
PPPY motifs can substitute for the YPDL domain to recover EIAV
replication. However, the function of PTAP cannot be replaced by
the YPDL motif (20, 21). These observations suggest that retrovi-
ruses and other enveloped viruses have evolved different L do-
mains to recruit distinct cellular factors and achieve virus budding
and release by specific cellular pathways.

The recruitment and interaction of retroviral Gag proteins and
cellular factors determine the viral assembly pathway. Two dis-
tinct assembly pathways have been described for orthoretrovi-
ruses. For gammaretroviruses such as murine leukemia virus
(MLV) and HIV, viral Gag proteins are targeted to the plasma
membrane, where viral particles are assembled and subsequently
released (22, 23). However, MLV and HIV can also bud into late
endosomes or MVBs in some cell types (24-26). EIAV Gag has
been shown to localize at both the interior cellular membrane and
the plasma membrane (6, 15). The interaction of the EIAV L do-
main with AP-2 and AIP-1 suggests that EIAV assembly may be
associated with the formation of both early endosomes and late
MVBs (6). However, the colocalization of EIAV Gag with both
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early endosome antigen 1 (EEA1) and the limiting membrane of
LE/MVBs occurs at a low level (15). Therefore, where EIAV Gag
assembly occurs and which region guides Gag trafficking to the
assembly site remain to be determined. In the present study, we
demonstrate that the interior cellular compartment is the main
assembly site of EIAV Gag. This assembly feature is determined by
the MA domain of EIAV Gag, especially 9 amino acids at the N
terminus of MA. We also found that W7 and K9 in helix 1 of the
EIAV MA are important for Gag assembly. The mutations of these
two sites completely inhibited Gag release but did not affect Gag
intracellular localization. Additionally, we found that this assem-
bly site is not associated with early endosomes and MVBs and that
the intracellular trafficking of EIAV Gag multimers does not de-
pend on the movement of microtubules and endosomes. How-
ever, the accumulation of EIAV Gag in the trans-Golgi network
(TGN) was detected for the first time. The results of this study
demonstrate a previously unrecognized involvement of the TGN
machinery in EIAV Gag assembly.

MATERIALS AND METHODS

Cells and plasmids. Human embryonic kidney (HEK) 293T cells, equine
dermal (ED) cells and HeLa cells were cultured in Dulbecco high-glucose
modified Eagle medium (HyClone, USA) supplemented with 10% fetal
bovine serum, penicillin (100 U/ml; HyClone), and streptomycin (100
pg/ml; HyClone).

Plasmids expressing HIV-1 and EIAV Gag-green fluorescent protein
(GFP)/Gag-DsRed proteins were constructed by amplifying codon-opti-
mized HIV-1 and EIAV Gag sequences. These fragments were inserted
into the pEGFP-N1 or pDsRed2-N1 expression vector. Truncated ver-
sions of HIV-1 and EIAV Gag lacking the MA globular head were gener-
ated using PCR and were inserted between the HindIII-Notl sites of
TOPOpcDNA-GSTV5. The MA mutants of EIAV Gag were generated
using PCR and were inserted between the HindIII-SaclI sites of pEGFP-
NI. To generate the HMA-EGag and EMA-HGag plasmids, HIV-1 MA,
EIAV MA, HIV-1 CA-NC-P6, and EIAV CA-NC-P9 fragments were sep-
arately amplified; then, the HIV-1 MA and EIAV MA fragments were
fused with EIAV CA-NC-P9 and HIV-1 CA-NC-P6, respectively, through
overlapping extension PCR. The fused fragments were cloned into
pEGFP-NT1 using the HindIII and SaclI restriction sites. H9-EGag-red
fluorescent protein (RFP) and E9-HGag-RFP were constructed by the
same method except that the fragments were inserted into the pD-
sRed2-N1 expression vector. Rab5 and Rab7 were amplified from 293T
cells; these fragments were inserted into pEGFP-C1 using the Kpnl and
BamHI restriction sites. Rab5 Q79L and Rab7 Q67L were generated using
the FasMut system mutagenesis kit (TransGen Biotech, China). The plas-
mids TGN38-yellow fluorescent protein (YFP), Lamp1-YFP, and CD63-
YFP were kindly provided by Walther Mothes (Yale University).

Western blotting. All Western blotting assays were performed using
the Odyssey infrared imaging system (LI-COR Biosciences, USA). All
EIAV and HIV-1 Gag proteins were detected using a mouse monoclonal
anti-V5 antibody (Sigma, USA), followed by a secondary goat anti-mouse
IRD800-conjugated monoclonal antibody (Sigma). The anti-actin poly-
clonal antibody was obtained from Sigma. EIAV p26 proteins were de-
tected using EIAV-positive serum, followed by a secondary goat anti-
horse IRD800-conjugated antibody (Sigma). HIV-1 p24 proteins were
detected using a mouse monoclonal anti-p24 antibody, followed by a
secondary goat anti-mouse IRD800-conjugated antibody (Sigma). Rab5
and Rab7 proteins were detected using an anti-GFP polyclonal antibody
(Beyotime, China). The signal intensities of Gag-associated bands were
analyzed by using software WCIF-Image]. The relative virus release effi-
ciency was calculated as the amount of VLP-associated Gag as a fraction of
total Gag present in cell and VLP lysates and normalized to the virus
release efficiency in wild-type or non-drug-treatment groups. All experi-
ments were performed at least in triplicate.
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Drug treatment. A total of 10° 293T cells were plated per well of a
six-well plate and transfected 12 h later with 4 g of DNA using 10 pl of
Lipofectamine 2000 (Invitrogen, USA). After 8 to 10 h, the media were
replaced with cell culture media containing nocodazole (Sigma),
U18666A (Biomol, USA), GW4869 (Sigma), or cytochalasin D (Sigma).
All of the aforementioned drugs were dissolved in dimethyl sulfoxide
(DMSO; Sigma) and diluted in medium immediately prior to use. Con-
trol cultures were treated with an equal amount of DMSO. Drugs were left
on the cells until 48 h after transfection. Cells and culture supernatants
were collected for Western blotting assays.

Immunofluorescence microscopy and analysis. 293T, ED or HeLa
cells grown on polystyrene coverslips (NEST Biotechnology, China) were
transfected with 1 pg of EIAV Gag-GFP or Gag-DsRed and one of the
following plasmids using Lipofectamine 2000 (Invitrogen): 1 pg of Rab5-
GFP, 1 g of Rab7-GFP, 1 pg of CD63-YFP, 1 ng of Lampl-YFP, or 1 pg
of TGN38-YFP. At 2 days posttransfection, the cells were fixed in 4%
paraformaldehyde in PBS for 30 min and permeabilized in 0.1% Triton
X-100 in PBS for 15 min. Nuclei were stained using 4',6-diamidino-2-
phenylindole (DAPI; Beyotime) for 5 min. Images were captured using a
Leica DM-IRE2 confocal microscope (Leica, Germany). The degree of
colocalization or lack of colocalization for two kinds of different fluores-
cence in cells was quantified by using software WCIF-Image]. Briefly, in
Image] software, red and green images were opened and converted into
8-bit style. Colocalization finder plugin was used to analyze colocalization
degree. The colocalization part was shown in white color. Then, the value
for colocalization degree was calculated. For each sample, at least three
cells were used for colocalization quantification analysis.

A high-content screen (HCS) assay was used to evaluate the presence
frequency of the cells with colocalization of green and red fluorescence in
all of the cells observed. All the cells transfected by different plasmids were
cultured in 96-well plates, and the fluorescence signals were observed by
operetta (Perkin-Elmer, USA) equipped with a 460- to 490-nm/500- to
530-nm enhanced GFP (EGFP) (EYFP) excitation/emission filter, a 520-
to 550-nm/560- to 630-nm DsRed excitation/emission filter, and a 360- to
400-nm/410- to 480-nm DAPI excitation/emission filter. Images for each
well were acquired in the three different channels for EGFP (EYFP),
DsRed, and DAPI using a 20X dry objective. The plates were exposed for
200 ms to acquire EGFP (EYFP), DsRed, and DAPI images. The colocal-
ization signals of green and red fluorescence were identified by “Finding
spots block” in harmony analysis software (Perkin-Elmer). The frequency
was determined by dividing the number of green and red fluorescence-
colocalized single cells by the number of single cells stained by DAPI in
each well. This procedure was repeated for each well. All experiments were
performed in triplicate.

Transmission electron microscopy. First, the cells infected by viruses
or transfected with EIAV and HIV-1 Gag-Pol plasmids were harvested
and prepared for thin sectioning. In brief, the harvested specimen was
fixed with 2.5% (vol/vol) glutaraldehyde in 0.1 M phosphate-buffered
saline (PBS; pH 7.4) for 2 h, rinsed with three changes of PBS, and post-
fixed with 1% (vol/vol) OsO, in PBS for 2 h. After being washed, the
specimen was dehydrated in a graded series of ethanol and embedded in
epoxy (agar low-viscosity) resin according to the standard protocol. Ul-
trathin sections were collected on carbon-coated 200-mesh copper grids
and stained with 1% uranyl acetate and 1% lead citrate. In addition, clar-
ified stool suspension was used for direct electron microscopy (EM) ex-
amination of the sample after negative staining with 2% phosphotungstic
acid (pH 4.5). EM grids were screened at 80 kV in a Hitachi-7650 trans-
mission electron microscope (Hitachi, Japan).

Statistical analysis. The experiments in this study have been repli-
cated for at least three times and the data are calculated by software SAS8.1
and presented as mean values of the standard errors. For statistical anal-
ysis, the data were calculated by using a Student ¢ test and charted with the
software GraphPad Prism v5.01. A difference was considered statistically
significant when the P value was <0.05.
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RESULTS

EIAV Gag accumulates in internal cellular compartments. In
contrast to HIV-1 Gag, which assembles on the plasma mem-
brane, EIAV Gag mainly localizes to the interior cellular mem-
brane (15). EIAV Gag budding is also unique. The process appears
to be ubiquitin independent, and its unique YPDL L domain re-
cruits AIP1 and AP-2 as its budding partners (5, 6, 27). However,
little is known about the trafficking pathway and assembly sites of
EIAV Gag. To better understand the trafficking and assembly of
EIAV, we analyzed the subcellular distribution of EIAV viral par-
ticles using transmission electron microscopy (EM). We consis-
tently found large amounts of unclosed, closed and tubular parti-
cles in the area adjacent to the rough endoplasmic reticulum
(RER) (Fig. 1A). With EM, RER often has a tubular appearance,
whereas SER is more dilated and convoluted. The same RER struc-
ture was observed and described by Voeltz et al. (28). These par-
ticles were immature and did not contain viral cores. In contrast,
HIV-1 particles were mainly found on the plasma membrane
(PM), and these particles contained typical viral cores (Fig. 1A).
These results suggest that EIAV assembly is initiated and com-
pleted at the interior cellular membrane, while HIV-1 is selectively
targeted to the plasma membrane to induce efficient particle re-
lease. Gag proteins are central to the assembly of all retroviruses.
Their expression in appropriate cells is sufficient to generate ex-
tracellular VLPs (with the exception of foamy virus, the assembly
and budding of which rely on the envelope glycoproteins) (4, 29).
To determine the targeting sites of the EIAV and HIV-1 Gag pro-
teins, 293T cells were transfected with EIAV or HIV-1 Gag-GFP
plasmids. After 24 h, the cells were harvested for fluorescence
analysis. The results showed that EIAV Gag accumulated mainly
in the cell interior, with only a small number of EIAV Gag proteins
detected at the plasma membrane (Fig. 1B). In contrast, HIV-1
Gag was mainly detected at the plasma membrane (Fig. 1B).
Therefore, we concluded that the EIAV and HIV-1 Gag proteins
are key factors that determine the viral assembly sites; however,
EIAV Gagassembly occurs mainly in the cell interior, while HIV-1
Gag is targeted to the cell surface for assembly.

The EIAV MA globular head is essential for Gag assembly.
HIV-1 assembly is a complex process that occurs at the plasma
membrane; thus, binding and targeting of Gag to the plasma
membrane are the first steps in this assembly process. The N-ter-
minal 14 amino acids of HIV-1 MA are myristylated, and this
myristylation is required for efficient membrane association and
virion formation (30). Additionally, a highly basic region (HBR)
spanning residues 14 to 31 is essential for efficient membrane
binding and proper targeting of Gag to the PM (31). However, the
EIAV MA lacks both the myristylation domain and the HBR that
compose the HIV-1 membrane-binding motif (Fig. 2A). Several
residues (S100 and K49) in the EIAV MA have been reported to
control PI binding; these residues are important determinants of
Gag targeting and assembly (14, 15). To determine whether the
N-terminal residues of EIAV MA are essential for Gag assembly
and release, we truncated the EIAV MA and analyzed the release
efficiency of these truncated Gag proteins. As revealed by Western
blotting, the M1, MII, and MIII truncations of EIAV Gag severely
inhibited VLP release, whereas wild-type (Fig. 2, WT) Gag formed
normal VLPs (Fig. 2B). Similar results were observed in the HIV-1
MA truncation experiments, where HIV Gag-MI and MII abro-
gated VLP formation (Fig. 2C). Deletion of the 9 N-terminal
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FIG 1 Comparison of cellular localization of EIAV and HIV-1 viral particles. (A) EIAV VLPs were mainly localized at interior cellular membranes, while HIV-1
VLPs were detected at the plasma membrane. 293T cells were transfected with EIAV and HIV-1 Gag-Pol plasmids. After 48 h, the supernatants were discarded,
and the cells were washed three times with PBS prior to harvesting for transmission electron microscopy. The intracellular VLPs are indicated by black arrows,
and a typical RER that had a tubular appearance is indicated by a white arrow (28). (B) Cellular localization of EIAV and HIV-1 Gag were distinct. EIAV and
HIV-1 Gag-GFP were transfected into 293T cells. After 48 h, the cells were fixed using formalin and stained with DAPI (blue). Gag-GFP expression and

localization were analyzed by confocal microscopy.

amino acids from EIAV MA completely inhibited Gag release.
This result suggests that, even though these amino acids are not
myristylated, they harbor an undefined function that promotes
Gag assembly. To identify the residues that were determinants of
efficient Gag assembly, we separately mutated these amino acids
to alanine and analyzed their effect on Gag assembly. The results
showed that all of the mutants had identical p55 expression levels
in the cell lysate but exhibited variable influences on secretion of
the Gag protein into the supernatant (Fig. 2D). G2A, D3A, and
S4A resulted in a slight inhibition of Gag release, L5A, T6A, and
S8A inhibited Gag release at medium levels, and W7A and K9A
severely reduced the amount of Gag p55 protein in the superna-
tant (Fig. 2D). Two mutations (K29E and K31E) in HIV-1 MA led
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to viral particle assembly in a multivesicular body compartment
and defective release of cell-free particles in HeLa and 293T cells
(32). To determine whether W7A and K9A changed the local-
ization of Gag from the interior cellular membrane, Gag local-
ization of these mutants was confirmed by confocal micros-
copy. However, no distinct localization was observed. W7A
and K9A were mainly detected in the interior cellular mem-
brane adjacent to the nucleus, which was identical to the results
obtained with wild-type Gag (Fig. 2D). Consequently, we con-
cluded that the N-terminal residues (1-9) of EIAV and HIV-1
MA are essential for the release of EIAV and HIV Gag VLPs,
and W7 and K9 in the EIAV MA regulate Gag assembly but do
not affect Gag localization.

jviasm.org 1827


http://jvi.asm.org

A Myristoylation motif Highly basic region (HBR)

10 20 30 40
1 1 1 1
HIV-IMA: MGARASVLSGGELDRWEKIRLRPGGKKKYKLKHIVWASRE
EIAWVMA: MGDSLTWSKALKKLEKVIVQGSQKLISGNCNWALNLYVDLTF
B C
EIAVGag-WT [ ma ] CA | nc Jro H Gstvs |
EIAVGag-MI(81-9) | Mmoo CA [ ne JTPo H Gstvs | HIVGag-WT | MA | CA | nc [ Pe H Gstvs |
EIAVGag-MII(A1-32) | wmi | CA | nc | Po H esTvs | HIVGag-MI(a1-9) [ & | CA [ nc [ Pe H GsTvs |
EIAVGag-MI11(A1-86) I CA [ nc [Po H csTvs | HIVGag-MII(A1-32) | an_| CA [ e | Pe H osTvs |

WT Ml MII MII WT M1 Ml

L e
5 — — —— Anti-V5 ’
Anti-V5 =~ Cell Lysate e! Cell Lysate

B-actin |--—|
B-actin | ——— —
Anti-V5 B ‘ VLP
Anti-V5 [ g | vLP
D
1.0
WT G2A D3A S4A L5A T6A WT7A S8A KOA 0.8
0.6

Relative VLP release efficiency

0.0-

S '?';;Y' m@v S Qr qv
WT G2A D3A S4A
W7A S8A K9A

FIG 2 The N terminus of EIAV and HIV-1 MA was essential for Gag assembly. (A) Comparison of N-terminal amino acid sequences in MAs from EIAV and
HIV-1. The myristoylation motif and the highly basic region (HBR) are underlined and indicated in HIV-1 MA sequences. (B and C) 293T cells were transfected
with the truncated EIAV and HIV-1 Gag constructs. After 48 h, the cells were lysed, and Gag VLPs in the supernatant were purified by centrifugation at 20,000 X
gfor 2 hat 4°C. Gag proteins in the cell lysate and supernatant were detected using anti-V5 antibodies. Cell lysates were also analyzed for equal amounts of total
proteins using the anti-B-actin monoclonal antibody. (D) All EIAV Gag mutants were fused with GFP in the C terminus and transfected into 293T cells. Gag
expression and release were detected with anti-GFP antibodies. The relative virus release efficiency was calculated as the amount of VLP-associated Gag as a
fraction of the total Gag present in the cell and VLP lysates and normalized to the virus release efficiency in wild-type group. Additionally, the cellular distribution
of the mutants was analyzed by confocal microscope. **, P < 0.005.
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FIG 3 EIAV MA determines Gag targeting to internal cellular membranes. (A)

The MA swap between EIAV and HIV-1 impaired the release of chimeric Gag.

Schematic structures of chimeric Gags were shown. Wild-type Gag and HMA-EGag and EMA-HGag fused with green fluorescent protein (GFP) in the C
terminus were transfected into 293T cells. Expression and release efficiency were detected by Western blotting as in Fig. 2B. (B) 293T and ED cells were transfected
with wild-type and chimeric Gag. The cellular localization of Gag was analyzed by confocal microscopy.

EIAV MA determines Gag targeting to the interior cellular
membrane. The functional interchangeability of retrovirus L do-
mains was previously reported. For instance, the PTAP motif of
HIV-1 can replace the YPDL domain of EIAV to support EIAV
replication, while the PTAP function for HIV-1 assembly can be
substituted by PPPY but not YPDL (20). We then addressed
whether the EIAV and HIV-1 MAs could be mutually exchanged
to support the normal assembly of Gag. The MA motifs of the
EIAV and HIV-1 Gag proteins were swapped (Fig. 3A), and
the assembly rates of the chimeric Gag proteins were analyzed.
The results showed that the wild-type EIAV and HIV-1 Gag pro-
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teins were expressed well and could effectively release GagP>®> VLPs
into the cell culture supernatants. Gag proteins were expressed by
HIVMA-Egag at levels that were similar to those of wild-type
EIAV Gag. However, VLP release was severely inhibited by this
substitution (Fig. 3A). VLP release was also inhibited when HIV-1
MA was replaced by EIAV MA; this replacement also simultane-
ously decreased the quantity of Gag proteins in the cell lysate
(Fig. 3A).

The functional domains of MA from EIAV and HIV-1 deter-
mine Gag protein targeting and assembly. To confirm the location
of these chimeric Gag proteins, 293T cells were transfected with

jviasm.org 1829


http://jvi.asm.org

Zhang et al.

EIAVgag-GFP, HIVMA-Egag-GFP, HIVgag-GFP, and EMA-
HIVgag-GFP. After 24 h, the cells were harvested and stained by
DAPI, and fluorescence was observed using confocal microscopy.
The results showed that EIAV Gag targeted to the interior cell
membrane, while HIV-1 Gag targeted to the plasma membrane,
similar to the results described above (Fig. 3B). HIV-1 MA could
induce EIAV Gag accumulation near the plasma membrane of the
cells. In contrast, EIAV MA induced HIV-1 Gag multimerization
in the cell interior (Fig. 3B). The same experiments were also per-
formed in ED cells. The result was identical to that from 293T
cells, suggesting that this finding was not cell type specific (Fig.
3B). Taking our results together, we concluded that EIAV MA
determines Gag targeting to the internal cell membrane to com-
plete assembly, while HIV-1 MA guides EIAV Gag to the plasma
membrane but does not support Gag assembly.

EIAV Gag proteins accumulate in the trans-Golgi network
(TGN). To identify the nature of the membranous structures
where EIAV Gag assembly occurs, subcellular membrane markers
and EIAV Gag-DsRed were used to detect costaining of Gag and
intracellular membranes. EIAV Gag-DsRed accumulated into a
mass at the periphery of the cell nucleus, which was consistent
with the Gag-GFP results described above. Costaining of Gag with
early and late endosome markers (i.e., Rab5 and Rab7) was de-
tected, but no colocalization was observed (Fig. 4A). The lack of
Gag in early and late endosomes was consistent with previous
results that demonstrated a low level of colocalization of EIAV
Gag with early endosome antigen 1 (EEA1) and the limiting mem-
brane of LE/MVBs (15). The lysosomal membrane was labeled by
Lamp1-YFP, but only slight accumulation of EIAV Gag was ob-
served in intracellular and cell surface Lampl-positive vesicles
(Fig. 4A). Thus, these results suggested that EIAV Gag does not
target MVBs to complete viral assembly.

A fraction of EIAV Gag was observed with intracellular pools of
CD63(the value of colocalization degree is 0.18 * 0.017), which
are proteins of the tetraspannin family that localize to the plasma
membrane and to intracellular exosomes (Fig. 4A). However,
most EIAV Gag proteins colocalized with TGN38(the value of
colocalization degree is 0.66 * 0.144), which is predominantly in
the TGN (Fig. 4A). Furthermore, HCS analysis showed that the
percentage of the cells in which the colocalization of CD63 or
TGN38 with Gag among all the cells observed was 21.1% = 7.4%
or 24.6% = 3.3%. Costaining of EIAV Gag and subcellular mem-
brane markers was also detected in HeLa cells. EIAV Gag primarily
colocalized with TGN38 (the value of colocalization degree is
0.69 = 0.069) but not with other cellular markers, which was
consistent with the results in 293T cells (Fig. 4B). Previous studies
have shown that the HIV-1 Vpu protein is transported predomi-
nantly to RER/Golgi complex compartments (33). Thus, we
cotransfected Vpu-HA with EIAV Gag-GFP or HIV-1 Gag-GFP
into 293T cells and evaluated their cellular distribution. The re-
sults showed that HIV-1 Gag was mainly detected on plasma
membranes and did not colocalize with Vpu, whereas EIAV Gag
localized to an interior cellular membrane surrounding the Vpu
compartments (Fig. 4C). These results suggested that EIAV Gag
assembly is associated with the TGN.

In Fig. 2, we demonstrated that the N-terminal 9 amino acids
of MA (especially W7 and K9) regulate EIAV Gag assembly.
Therefore, we investigated whether these amino acids were im-
portant for guiding Gag to the TGN. We separately substituted
this region in EIAV and HIV-1 Gag and analyzed their colocaliza-
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tion with TGN in 293T cells. The results revealed that H9-EGag-
RFP was still detected in the cell interior, but it only showed slight
colocalization with the TGN (Fig. 5A). In contrast, E9-HGag-RFP
was not only detected at the interior cellular membrane but was
also highly colocalized with the TGN (the value of colocalization
degree is 0.57 = 0.066) (Fig. 5A). Finally, we evaluated the colo-
calization of H9-EGag and E9-HGag with other cellular markers
in HeLa cells. E9-HGag exhibited an identical cellular distribution
with wild-type EIAV Gag, which mainly colocalized with TGN38
and less partial colocalized with CD63 but not with other markers.
The values of colocalization degree were 0.20 = 0.066 and 0.70 =
0.094, respectively (Fig. 5B). The percentages of the colocaliza-
tion cells among all the cells observed were 29.5% * 6.7% and
19.2% = 6.8%. However, no colocalization was observed be-
tween H9-EGag and the tested cellular makers (Fig. 5C). These
results suggest that the 9 N-terminal amino acids of EIAV MA
are determinants that can direct Gag to the appropriate loca-
tion of viral assembly.

Three-dimensional (3D) structure analysis of EIAV and
HIV-1 MA. The EIAV MA structure has been reported (13). Here,
we compared the structure of the EIAV and HIV-1 MAs. As shown
in Fig. 6A, the EIAV MA contains 5 helices; the K9, W7 and K49
residues that were important for Gag assembly were labeled. Loop
2 between helix 2 and helix 3 was also indicated; this loop was
reported to be the main region involved in binding to phosphoi-
nositides. K9 and K49 were on the surface of MA, while the hy-
drophobic W7 residue was hidden inside the molecule. Above, we
found that the 9 N-terminal amino acids of MA could direct the
Gag protein to the assembly site. In the structure, we found that
these amino acids were located in helix 1 and had an internal
interaction with loop 2. The hydrogen bonds between W51, D50,
and W7 are represented (Fig. 6B). Additionally, D50 also formed
hydrogen bonds with T6, and an interaction between D3 and Q51
was observed (Fig. 6B). The crystal structure of the EIAV MA is
strikingly similar to the crystal structures of the primate lentivirus
MAs. This similarity is reflected in the fact that EIAV MA has five
long helices and one 3, helical loop, each of which has an equiv-
alent in SIV and HIV-1 (13). However, the HIV-1 MA seems to
bind to PI1(4,5)P, via helix 2 (32). K29 and K31, which are deter-
minants for PI(4,5)P, binding, are shown in Fig. 6C. The struc-
tural alignment of the HIV-1 MA and EIAV MA revealed that
helix 1 of the EIAV MA seemed to be closer to loop 2 (Fig. 6D).
Overall, despite the high structural similarity between EIAV MA
and HIV-1 MA, sequence differences and several subtle distinc-
tions may influence their binding affinity for phosphoinositides
and impact targeting to the viral assembly site.

MVB and microtubules are dispensable for EIAV particle
egress. We have demonstrated that EIAV Gag proteins mainly
accumulate at the internal cellular membrane. To determine how
EIAV particles are exported to the extracellular environment, ED
cells were infected with EIAV 3-8, an ED-adapted EIAV strain
(34, 35). Five days later, the cells were harvested for transmission
electron microscopy analysis. We observed a large number of ma-
ture viral particles in intracellular vesicles-like component (data
not show), suggesting that EIAV particles are transported by in-
tracellular vesicles. To validate this finding, 293 T cells were treated
with GW4869 at 0.1 to 5 wM (which reduces vesicular-derived
exosome release) after transfection with EIAV Gag (36). Gag ex-
pression in the cell lysate was not reduced, but Gag release was
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FIG 4 The subcellular localization of EIAV Gag proteins. (A and B) EIAV Gag-RFP was coexpressed in 293T cells or in HeLa cells with the indicated cellular membrane
markers tagged with YFP (CD63, Lamp1, and TGN38) or GFP (Rab5 and Rab7). The cells were fixed 48 h posttransfection, stained with DAPI (blue), and imaged by
confocal microscopy. Images from three different views were used for quantitative colocalization analysis. The colocalization is indicated in white. The statistics were
calculated and charted by GraphPad PrismV5.1. **, P < 0.01; *, P < 0.05. (C) EIAV Gag-GFP or HIV-1 Gag-GFP was cotransfected with Vpu-HA into 293T cells. After
48 h, the cell nuclei were stained with DAPI (blue), and the cells were stained with anti-hemagglutinin antibodies (red) to observe Vpu.
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FIG 6 3D structure analysis of EIAV and HIV-1 MA. (A) The overall structure of the EIAV MA is shown in schematic representation. Some of the secondary
structural elements of the o/B domain are labeled. The K9, W7, and K49 residues that are essential for Gag assembly are highlighted. The primary region that
binds to phosphoinositide is labeled in loop 2. K9 and K49 localized on the MA surface are shown in red. (B) A closeup view of the detailed interaction between
EIAV MA helix 1 and loop 2 is highlighted. The residues involved in the interaction are labeled. Red dashed lines represent hydrogen bonds. (C) HIV-1 MA
structure. K29 and K31 that could induce PI(4,5)P, binding with MA are shown in a stick representation. (D) The structures of EIAV MA and HIV-1 MA were
aligned by Pymol. The conformations are similar, but helix 2 of EIAV MA seems to be closer to the other structural elements.

severely blocked under the treatment of GW4869 with a dose- MVBs with the cell surface (37). To determine whether EIAV
dependent manner (Fig. 7). transportation in the cell interior is associated with the formation

Cells are known to form large amounts of variant vesicles. and motility of endosomes, 293T cells were transfected with EIAV
Some types of vesicles will bud into endosomes to form MVBsand ~ Gag/Pol or the optimized Gag plasmid and then treated with dif-
are released as exosomes into extracellular fluids by fusion of ferent concentrations of nocodazole, which can block endosome
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FIG 7 The export of EIAV particles is suppressed by treatment of GW4869. 293T cells were transfected with EIAV Gag. After 8 to 10 h, the medium was replaced
with culture medium containing different concentrations (0, 0.1, 1, 2.5, and 5 wM) of GW4869 (Sigma). At 48 h posttransfection, the cell lysate and Gag VLPs
in the supernatant were prepared as described above. Gag in the cell lysate and supernatant was detected with an anti-p26 antibody. The cell lysate was also used
to detect B-actin expression to ensure that the same amount of protein was loaded. The relative virus release efficiency was calculated as the amount of
VLP-associated Gag as a fraction of total Gag present in cell and VLP lysates and normalized to the virus release efficiency in a non-drug-treatment group (0 pM).
**,P<0.01;*, P <0.05.
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movement by inducing microtubule depolymerization (23, 38,
39). The results revealed that EIAV Gag processing was slightly
affected by nocodazole, but the drug did not inhibit the egress of
EIAV particles (Fig. 8A). The expression and release of single
EIAV Gag proteins were unaffected by nocodazole (Fig. 8B). Ad-
ditionally, HIV-1 particles were not blocked by nocodazole, which
was consistent with a previous report (Fig. 8A and B). As a com-
plementary experiment, a different drug (U18666A) was used to
arrest late endosome movement. U18666A can cause cholesterol
accumulation in late endosomal membranes and leads to defects
in kinesin recruitment (23, 39). The results show that neither
EIAV nor HIV-1 particles were inhibited by U18666A treatment
(Fig. 8C and D). Thus, these results suggest that the motility of
endosomes in 293T cells is not required for EIAV and HIV-1 Gag
assembly and release.

Rab5 and Rab7 regulate individual steps in the transport of
newly endocytosed vesicles from the plasma membrane to early
endosomes (Rab5) and from late endosomes to lysosomes (Rab7)
(40-42). To determine whether the assembly of EIAV and HIV-1
particles is associated with endosomes, 293T cells were transfected
with the EIAV and HIV-1 Gag/Pol plasmids, together with Rab5,
Rab7, and their mutants. The detection of Gag production by
Western blotting assays showed that the assembly and release of
EIAV and HIV-1 were unaffected by overexpression of the wild
type or dominant-negative versions of Rab5 and Rab7 (Fig. 8E).
Thus, we concluded that endosomes are not required for EIAV
and HIV-1 assembly and release.

Chen et al. reported that F-actin was associated with different
stages of EIAV production (43, 44); therefore, we investigated the
influence of the actin-depolymerizing drug cytochalasin D on
EIAV production. 293T cells were transfected with EIAV Gag-Pol
or optimized Gag; then, 6 h later, the cells were treated with dif-
ferent concentrations of cytochalasin D. The results showed that
the expression of the EIAV Gag-Pol protein in the cell lysate was
not reduced after treatment with cytochalasin D, but the quanti-
ties of released viral particles were reduced under 10 wM or higher
cytochalasin D treatment (Fig. 9A). However, the released opti-
mized EIAV Gag VLPs were only reduced by 125 wM cytochalasin
D treatment (Fig. 9B). This discrepancy may be due to the distinct
expression level of the EIAV Gag-Pol and optimized Gag plas-
mids. These data suggest that dynamic actin depolymerization
may be associated with EIAV production.

DISCUSSION

Intracellular EIAV replication is a complicated process that has
not been clearly defined to date. Previous studies have demon-
strated that EIAV binds to PI(3,5)P2, which is enriched in endo-
cytic compartments, and utilizes the cellular ESCRT pathway to
complete assembly and release (45). However, the detailed cellular
trafficking pathways that facilitate EIAV release remain unknown.
In the present study, we compared differences in the EIAV and
HIV-1 Gag protein cellular assembly sites (Fig. 1A and B). We
found that W7A and K9A severely impaired EIAV Gag release but
did not alter the distribution of Gag at the cellular membrane (Fig.
2D). Then, we confirmed that the MA global head of EIAV and
HIV-1 Gag was essential for their assembly and determined their
membrane targeting (Fig. 3). Furthermore, we demonstrated that
EIAV did not utilize MVBs and microtubules to complete its par-
ticle egress (Fig. 4 and 8). Interestingly, we observed that EIAV
Gag accumulated in the intracellular trans-Golgi network rather

1834 jvi.asm.org

Journal of Virology

than in endosomes (Fig. 4A and B). Finally, we demonstrated that
EIAV hijacked the cellular vesicle pathway to export viral particles
(Fig. 7).

Gag assembly is an essential step during most retroviral life
cycles. It is widely accepted that PM is the site of HIV-1 assembly
and budding, but HIV-1 and MLV particles can also be observed
in the late endosome or MVBs in some cell types (25, 26). Several
groups have reported that EIAV Gag proteins localize to both the
cell interior and the plasma membrane (6, 15). EIAV MA binds
PI(3)P with higher affinity than PI(4,5)P, (15). In the present
study, we observed the primary accumulation of EIAV particles at
an intracellular membrane adjacent to the RER, and we demon-
strated that this intracellular membrane was related to the TGN
(Fig. 1A and Fig. 4A and B). Whether EIAV Gag targets the TGN to
facilitate its assembly and is dependent on binding to a specific
phosphoinositide in the TGN membrane remains to be deter-
mined. Previously, our lab reported that the overexpression of
equine viperin inhibited EIAV Gag release (46). Viperin, which is
an evolutionarily conserved interferon-inducible protein that lo-
calizes to the ER, can reduce the secretion of some soluble proteins
and reduces the rate of ER-to-Golgi traffic (47). The cellular dis-
tribution of viperin and its colocalization with EIAV Gag would
positively support our finding that the TGN is involved in EIAV
Gag assembly. Previous studies have shown that the HIV-1 Vpu
protein is predominantly transported to RER/Golgi complex
compartments (33). In our study, EIAV particles localized adja-
cent to the RER, and EIAV Gag multimers were surrounded by
Vpu proteins (Fig. 4C), suggesting that that the ER/Golgi down-
stream membrane system (TGN) may be involved in EIAV Gag
assembly. The formation of infectious EIAV particles requires the
recruitment of the EIAV envelope protein (Env) into the viral
membrane during budding; however, whether or how the EIAV
Env and Gag proteins are corecruited to the TGN to form infec-
tious particles requires further investigation.

HIV-1 Gag myristoylation is essential for PM binding. Muta-
tions of the N-terminal Gly completely block HIV-1 Gag budding,
and Gly is known to be required for the N-myristoyl transferase
that attaches this fatty acid to the nascent protein (30). However,
we observed that G2A of EIAV Gag only slightly blocked Gag
release (Fig. 2D), supporting the hypothesis that EIAV Gag was
not myristoylated, and myristoylation was not involved in EIAV
Gag assembly. Moreover, we found that W7A and K9A localized
to helix 1 of EIAV MA severely impaired Gag release (Fig. 2D and
6A). A previous study reported that K49 was located in the middle
of the major PIP2 interaction region; indeed, the K49A mutation
influenced MA PIP2 binding and severely inhibited VLP release
(14, 15). K7 and K49 both localize to the MA surface; however,
whether the inhibition of Gag release due to the K7A mutation
resulted from the impairment of MA binding to PIP2 remains to
be determined. W7 was hidden inside the molecule, but the W7A
mutant completely blocked Gag release without changing the dis-
tribution of Gag at the cellular membrane (Fig. 2D and 6A). In the
structure, we found that W7 and W51 formed hydrogen bonds via
D50 (Fig. 6B). D50 has been reported as one of the residues in-
volved in the PIP2-induced chemical shift (14). Thus, we hypoth-
esize that the W7A mutant influences the interaction between W7,
D50, and W51 and thereby affects loop 2 binding to phosphoino-
sitide, ultimately blocking Gag release. Additionally, we speculate
that the inhibition of Gag release mediated by T6A and S8A may
result from affecting the function of W7 or K9.
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FIG 8 MVBs and microtubules are dispensable for EIAV particle egress. (A and B) EIAV and HIV-1 Gag-Pol or codon-optimized Gag were transfected into 293T
cells. After 8 to 10 h, the medium was replaced with fresh cell culture medium containing different concentrations (0, 0.2, 0.4, and 0.8 pg/liter) of nocodazole.
EIAV and HIV-1 viral proteins in the cell lysate and supernatant were prepared as described in Fig. 2 and detected using the anti-p26 antibody or anti-p24
antibody. (C and D) The same experiments were performed except that U18666A was used in place of nocodazole. (E) 293T cells were cotransfected with EIAV
Gag-Pol and Rab5, Rab7, or their defective mutants. After 48 h, viral proteins in the cell lysate and supernatant were detected using an anti-p26 antibody. The
Rabs and their mutants were detected with anti-GFP antibodies. The same experiments were performed for HIV-1 Gag-Pol, except that the HIV-1 viral proteins
were detected with an anti-p24 antibody. The relative virus release efficiency was calculated as described in Fig. 7. **, P < 0.01; ¥, P < 0.05.
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In the present study, we demonstrated that swapping EIAV
MA with HIV-1 MA did not reduce cellular p55 expression and
facilitated recombination of the Gag protein accumulating on the
PM domain (Fig. 3A and B). However, a strong release inhibition
of the recombinant Gag was observed. Thus, we speculate that the
PM is not the suitable sites for EIAV Gag assembly and release.
Similar results were observed by substituting HIV-1 MA with
EIAV MA, suggesting that the interior cellular membranes are not
the suitable sites for HIV-1 Gag assembly and release. Jouvenet et
al. reported that replacing HIV-1 MA with the FYVE domain that
specifically recognizes PI(3)P resulted in its targeting to endo-
somes and blocked HIV-1 particle release (23). These results in-
dicate that EIAV and HIV-1 might use different cellular mem-
brane sites that are appropriate for each virus to promote viral
particle assembly. Our results also demonstrated that MA was the
determinant that guided Gag to the assembly site, and the differ-
ence between the EIAV and HIV-1 MAs determined their distinct
viral assembly features. human T-cell lymphotropic virus type 1
was reported to possess assembly characteristics that were distinct
from HIV-1 (48). However, whether these different assembly fea-
tures are driven by viral evolution is unknown. Recently, it was
reported that HIV-1 MA binding to particular tRNAs regulated
Gag targeting to the PM (16). Six lysines in the N-terminal MA
were the tRNA binding determinants; the MAK4T and MAK6T
mutations caused decreases in the level of tRNA binding and par-
ticle release (16). There are four lysines in the N terminus of the
EIAV MA; however, whether EIAV MA binds to tRNAs remains to
be determined. If EIAV MA also possesses the ability to bind
tRNAs, questions remain concerning whether EIAV MA will bind
to a distinct variety tRNAs compared to the HIV-1 MA and
whether the different tRNA binding affinity will influence their
distinct assembly features. These questions require intensive in-
vestigation.
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A previous study observed the colocalization of HIV-1 parti-
cles with MVBs and suggested that HIV-1 could also use MVBs as
its assembly site. In the present study, HIV-1 pseudovirus and Gag
assembly were not blocked by treatment with nocodazole and
U18666A, which inhibit the function of MVBs by separate mech-
anisms (Fig. 8A, B, and D). This result is identical to the results of
the study of Jouvenet et al (23). Jouvenet et al. also suggested that
endocytosis or phagocytosis may account for the observation of
the endosomal localization of HIV-1 particles. Here, we observed
that EIAV Gag assembly occurred in the TGN. MVBs are a type of
cellular vesicle known to be responsible for exosome export (49).
However, no colocalization of Gag and MVB was observed, and
EIAV release was not blocked by MVB inhibitors (Fig. 4A and B
and Fig. 8), suggesting that EIAV utilizes other cellular vesicles
(i.e., apoptotic blebs, shedding vesicles, or microparticles) to ex-
port viral particles and does not directly bud into the extracellular
environment. This result was supported by the GW4869 treat-
ment experiment because the released EIAV Gag VLPs were se-
verely decreased under 5 puM GW4869 treatment (Fig. 7). Fur-
thermore, the partial localization of EIAV Gag with CD63, which
is primarily associated with the membranes of intracellular vesi-
cles, may also support the transportation of some EIAV Gag VLPs
by vesicles (Fig. 4A and B). Therefore, we conclude that EIAV
assembly occurs in the TGN, and viral particles are then exported
through intracellular vesicles. Additionally, different expression
characteristics of Gag (as demonstrated by the three bands de-
tected in the cell lysate and the detection of only the P26 [CA]
band in the cell culture supernatant) were detected by the anti-p26
MAD (Fig. 8A and E), suggesting that virus particle maturation
might occur during vesicle transportation. In animals, there are
three principal types of coated vesicles: clathrin-coated vesicles,
coat protein I (COPI)-coated vesicles, and COPII-coated vesicles
(49). The EIAV L domain has been reported to interact with AP-2,
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which is one of the adaptor proteins of the vesicle complex (6).
However, the detailed export mechanism underlying the trans-
port of EIAV particles through vesicles requires investigation.

In summary, we demonstrate that EIAV MA is the determinant
that directs Gag to the TGN to facilitate viral assembly, while
HIV-1 MA guides Gag to the PM to complete viral assembly.
MVBs are not involved in EIAV and HIV-1 assembly and release.
EIAV hijacks the cellular vesicle pathway for viral particle matu-
ration and egress. These findings provide new understanding of
the EIAV intracellular life cycle and will be useful for future studies
with EIAV and other lentiviruses.
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