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ABSTRACT Glycosylated Gag (glycoGag) is an accessory protein expressed by most
gammaretroviruses, including murine leukemia virus (MLV). MLV glycoGag not only
enhances MLV replication and disease progression but also increases human immu-
nodeficiency virus type 1 (HIV-1) infectivity as Nef does. Recently, SERINC5 (Ser5) was
identified as the target for Nef, and the glycoGag Nef-like activity has been attrib-
uted to the Ser5 antagonism. Here, we investigated how glycoGag antagonizes Ser5
using MLV glycoMA and murine Ser5 proteins. We confirm previous observations
that glycoMA relocalizes Ser5 from plasma membrane to perinuclear punctated com-
partments and the important role of its Y;sXXLso motif in this process. We find that
glycoMA decreases Ser5 expression at steady-state levels and identify two other gly-
coGag crucial residues, P31 and R63, for the Ser5 downregulation. The glycoMA and
Ser5 interaction is detected in live cells using a bimolecular fluorescence comple-
mentation assay. Ser5 is internalized via receptor-mediated endocytosis and relocal-
ized to Rab5" early, Rab7* late, and Rab11* recycling endosomes by glycoMA. Al-
though glycoMA is not polyubiquitinated, the Ser5 downregulation requires Ser5
polyubiquitination via the K48- and K63-linkage, resulting in Ser5 destruction in lyso-
somes. Although P31, Y36, L39, and R63 are not required for glycoMA interaction
with Ser5, they are required for Ser5 relocalization to lysosomes for destruction. In
addition, although murine Ser1, Ser2, and Ser3 exhibit very poor antiviral activity,
they are also targeted by glycoMA for lysosomal destruction. We conclude that gly-
coGag has a broad activity to downregulate SERINC proteins via the cellular endo-
some/lysosome pathway, which promotes viral replication.

IMPORTANCE MLV glycoGag not only enhances MLV replication but also in-
creases HIV-1 infectivity similarly as Nef. Recent studies have discovered that
both glycoGag and Nef antagonize a novel host restriction factor Ser5 and pro-
mote viral replication. Compared to Nef, the glycoGag antagonism of Ser5 is still
poorly understood. MLV glycoGag is a transmembrane version of the structural
Gag protein with an extra 88-amino-acid leader region that determines its activ-
ity. We now show that glycoGag interacts with Ser5 in live cells and internalizes
Ser5 via receptor-mediated endocytosis. Ser5 is polyubiquitinated and relocalized
to endosomes and lysosomes for massive destruction. In addition to the previ-
ously identified tyrosine-based sorting signal, we find two more important resi-
dues for Ser5 relocalization and downregulation. We also find that the Ser5 sen-
sitivity to glycoGag is conserved in the SERINC family. Together, our findings
highlight the important role of endosome/lysosome pathway in the enhance-
ment of viral replication by viral proteins.
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erine incorporator (SERINC) proteins consist of five members (1 to 5), which are type

Il integral membrane proteins with 10 to 11 transmembrane domains. Although
these proteins were proposed to play a role in lipid biosynthesis by transporting serine
molecules into the hydrophobic membrane lipid bilayers, this activity has not been
demonstrated, so their physiological function is still unclear (1). Recently, SERINC3
(Ser3) and SERINC5 (Ser5) were identified as novel host restriction factors that inhibit
retrovirus replication (2, 3). They were discovered as the target for the HIV-1 accessory
protein Nef that has an activity to increase HIV-1 particle infectivity (4-6). Nonetheless,
Ser5 has a much stronger antiviral activity than Ser3. Unlike mice that express only one
Ser5 isoform, humans express five Ser5 alternatively spliced isoforms with 9 or 10
transmembrane domains, but only the longest isoform is stably expressed and exhibits
the antiviral activity (7). In the absence of Nef, Ser5 is incorporated into HIV-1 particles
and inhibits viral replication at the entry step (2, 3, 8). Nef effectively counteracts Ser5
and restores viral infectivity by downregulating Ser5 from the cell surface and reducing
its virion incorporation (2, 3). The downregulation by Nef is mediated by the cellular
endocytic pathway, which targets Ser5 to lysosomes for degradation (9). The Nef
antagonism plays an important role in the prevalence of primate lentiviruses in their
hosts, indicating that Ser5 is an important host restriction factor for these viruses (10).

In addition to Nef, Ser5 is counteracted by murine leukemia virus (MLV) accessory
protein glycosylated Gag (glycoGag) (2, 3) and equine infectious anemia virus accessory
protein S2 (11, 12). The glycoGag protein is expressed from most gammaretroviruses,
including MLV, which is also known as gPr80 (13-16). This nonstructural and nonen-
zymatic viral protein contains the entire Gag (Pr65) plus a N-terminal leader of 88 amino
acids in the case of MLV via an alternative CUG initiation codon (17). This leader
includes a signal peptide that directs the glycoGag precursor to the endoplasmic
reticulum for N-glycosylation. Mature gPr80 proteins are proteolytically cleaved into an
~55-kDa membrane-associated N-terminal protein, and a secreted ~40-kDa C-terminal
product (18). The N-terminal segments are either a type | integral membrane protein,
with the N terminus on the exterior side of the plasma membrane; or a type Il protein,
with the N terminus on the cytoplasmic side (18-20). Although glycoGag is not strictly
required for virus replication in cell culture, it enhances MLV replication and disease
progression in vivo (21, 22). Notably, MLV glycoGag is able to replace Nef and enhance
HIV-1 replication in vitro (23). Not surprisingly, glycoGag reportedly counteracts the
Ser5 restriction and increases HIV-1 infectivity (2, 3).

Here, we used MLV glycoGag and murine Ser5 to investigate how glycoGag antag-
onizes Ser5. It was reported that glycoGag downregulates Ser5 from cell surface and
relocalizes Ser5 to intracellular compartments (2, 3). However, how Ser5 is internalized
and where it is finally targeted by glycoGag are still unknown. We report that Ser5 is
endocytosed by the adaptor protein complex-2 (AP-2) pathway and targeted to lyso-
somes for destruction.

RESULTS

glycoMA counteracts Ser5 restriction via relocalizing Ser5 from plasma mem-
brane to cytoplasmic compartments. A minimal glycoGag fragment that only retains
its N-terminal 189 amino acids was found to exhibit the full-length glycoGag activity
(23). This region includes the 88-amino-acid leader and the N-terminal 101 residues of
the Gag matrix (MA) protein that has 131 amino acids (23). Accordingly, we used a
truncated glycoGag that consists of its 2 to 190 residues, named glycoMA (24), to study
how MLV glycoGag counteracts murine Ser5 proteins.

Wild-type (WT) and Nef-deficient (AN) HIV-1 pseudoviruses were produced from
293T cells that expressed ectopic Ser5 and glycoMA, and viral infectivity was analyzed
after infection of the HIV-1 luciferase reporter TZM-bl cells. Although both WT and AN
virus infection were inhibited by Ser5, the AN virus infectivity was reduced much more
significantly, which was rescued by Nef. Notably, glycoMA rescued the AN virus
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FIG 1 GlycoMA counteracts Ser5 restriction via relocalizing Ser5 from plasma membrane to cytoplasmic compartments. (A) WT and AN
HIV-1 pseudoviruses were produced from 293T cells in the presence of pBJ5-mSer5-HA (1 ug) and pcDNA3.1-glycoMA-HA or pcDNA3.1-
SF2Nef-HA (2 ng). Viruses were normalized by p24%29 ELISA, and viral infectivity was determined in TZM-bl cells by measuring the
luciferase activities. The infectivity of WT viruses produced in the absence of Ser5 was set as 100%. Error bars indicate the SEMs from three
independent experiments. (B) WT and glycoGag-deficient (AgG) MLV luciferase reporter viruses were produced from 293T cells in the
presence of pBJ5-mSer5-HA (1 ng). Viruses were normalized by the Gag protein levels via Western blotting, and viral infectivity was
determined in NIH 3T3 cells by measuring the luciferase activities. The infectivity of WT viruses produced in the absence of Ser5 was set
as 100%. Error bars indicate the SEMs from three independent experiments. (C) pBJ5-iIFLAG-mSer5 (1 ug) was expressed with pcDNA3.1-
glycoMA-HA (2 pg) in 293T cells, and the Ser5 expression on the cell surface was determined by flow cytometry using an anti-FLAG
antibody. (D) pEGFP-N1-mSer5-FLAG (1 ug) was expressed with pcDNA3.1-glycoMA-HA (2 ng) in Hela cells in the absence or presence of
Rab5, Rab7, or Rab11 shRNA expression vectors. glycoMA was stained with a mouse anti-HA, followed by Alexa Fluor 647-conjugated goat
anti-mouse antibody, and Ser5 and glycoMA expression was observed by confocal microscopy. (E) pCMV6-mSer5-FLAG (0.1u.g) was
expressed with pcDNA3.1-glycoMA-HA (3 ng) in 293T cells, and protein expression was analyzed by Western blotting with anti-HA,
anti-FLAG, and anti-actin antibodies.

infectivity much more effectively than Nef (Fig. TA). Next, WT and glycoGag-deficient
(AgG) MLV luciferase viruses were similarly produced from 293T cells in the presence of
Ser5, and viral infectivity was analyzed after infection of mouse NIH 3T3 cells. Similarly,
Ser5 inhibited the AgG virus replication much more strongly than the WT virus (Fig. 1B).
These results confirm that Ser5 restricts HIV-1 and MLV replication, which is counter-
acted by glycoGag.

To explore the counteractive mechanism, we determined how glycoMA affects Ser5
expression. Ser5 was expressed with glycoMA, and Ser5 surface expression was ana-
lyzed by flow cytometry. The Ser5 expression was significantly reduced by glycoMA
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(Fig. 1C). To understand why Ser5 is downregulated, Ser5 was fused to GFP (Ser5-GFP)
and expressed with glycoMA, and their subcellular localization was determined by
confocal microscopy. When Ser5 and glycoMA were expressed individually, Ser5 was
largely found on plasma membrane, and glycoMA was found on both plasma mem-
brane and cytoplasm (Fig. 1D). When they were expressed together, they were both
targeted to the same punctated perinuclear compartments. We reported that Ser5 is
targeted to the Rab5™ early, Rab7 " late, and Rab11™ recycling endosomes by Nef (9).
When cells were treated with short-hairpin RNAs (shRNAs) that specifically silence Rab5,
Rab7, or Rab11 expression (9), Ser5 was less effectively compartmentalized by glycoMA
(Fig. 1D). Moreover, when the Ser5 expression at steady-state levels was determined by
Western blotting, the Ser5 expression was strongly reduced by glycoMA (Fig. 1E).
Collectively, we confirm the previous observation that glycoGag internalizes Ser5 from
cell surface and relocalizes Ser5 to intracellular compartments (2, 3), and importantly,
we uncover that glycoGag reduces the Ser5 expression at steady-state levels.

Identification of crucial glycoGag residues for Ser5 downregulation. The
N-terminal 88-amino-acid leader was sufficient to transfer the glycoGag activity to an
unrelated type Il transmembrane protein, indicating that this leader domain is respon-
sible for the activity (24). In addition, a tyrosine-based Y;4XXL5, motif plays a critical role
in this domain (24). When the leader domain sequences from MLV, feline leukemia
virus, feline sarcoma virus, and monkey sarcoma virus were aligned, a number of
conserved residues were identified, including the two in the Y;,XXL,;, motif (Fig. 2A).

Four conserved residues P31, Y36, L39, and R63, and one nonconserved residue G2
were selected for site-directed mutagenesis by introducing G2A, P31A, Y36A, L39A, and
R63A mutation, and a G2A/Y36A double mutation was also introduced. When Ser5 was
expressed with these glycoMA mutants, the WT and the G2A mutant reduced the Ser5
expression at steady-state levels with similar efficiencies, whereas the P31A, Y36A, L39A,
R63A, and G2A/Y36A mutants lost such activity (Fig. 2B). In addition, although the WT
and the G2A mutant effectively downregulated Ser5 from the cell surface, the P31A,
Y36A, L39A, and R63A mutants almost completely lost the activity (Fig. 2C). These
results not only confirm the critical Y;,XXLs, motif but also identify P31 and R63 as two
critical residues for the glycoMA activity.

Detection of glycoMA and Ser5 interaction by BiFC. To understand how Ser5 is
targeted by glycoGag, we used a bimolecular fluorescence complementation (BiFC)
assay to detect the Ser5 and glycoMA interaction (25). Using this assay, we have
demonstrated the Nef interaction with Ser5 (9). N-terminal residues 2 to 173 of Venus
(VN) and its C-terminal residues 154 to 238 (VC) were fused to the C terminus of
glycoMA or Ser5. After pairwise expression, their BiFC fluorescent signals were visual-
ized by confocal microscopy. If glycoMA and Ser5 bind to each other, their interaction
juxtaposes the two Venus fragments, resulting in structural complementation and a
bright fluorescent signal. In addition, the assay also reports the subcellular localization
of the interaction.

First, we tried to detect glycoMA and Ser5 oligomerization using this assay. The
glycoMA-VN/glycoMA-VC or Ser5-VN/Ser5-VC pair was expressed, and their green BiFC
fluorescent signals were detected by confocal microscopy. The glycoMA pair did not
produce any BiFC signals, whereas strong BiFC signals were detected from the Ser5 pair
(Fig. 3). The BiFC signals colocalized with the red fluorescent signals from specific
detection of Ser5-VN protein, indicating that these BiFC signals were generated from
the specific Ser5-Ser5 interactions. These results demonstrate that Ser5 oligomerizes,
whereas glycoMA should not.

Second, we tried to detect glycoMA-Ser5 interaction. When Ser5-VN was expressed
with the WT glycoMA-VC, the specific BiFC fluorescent signals were detected in
intracellular compartments (Fig. 3). This result demonstrates that glycoMA interacts
with Ser5 and confirms that glycoMA internalizes Ser5, as shown in Fig. 1D. We also
tested the G2A, P31A, Y36A, L39A, and R63A mutant interaction with Ser5. All of these
mutants produced the BiFC signals with Ser5. Nonetheless, only the G2A mutant-Ser5
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FIG 2 Identification of critical glycoGag residues for Ser5 downregulation. (A) The N-terminal glycoGag protein sequences of MLV (accession number J02255),
feline leukemia virus (FLV; AAA43055), feline sarcoma virus (FSV; PODP83), and monkey sarcoma virus (MSV; ALV83311.1) are aligned. Red, blue, and dashes
represent completely, partially, or not conserved residues. Residues targeted for mutations are indicted by arrowheads. The leader sequences are underlined
and the initiation of matrix (MA) protein is indicated. (B) 293T cells were transfected with pCMV6-mSer5-FLAG (0.2ug) and pcDNA3.1-glycoMA-HA bearing G2A,
Y36A, G2A/Y36A, P31A, L39A, and R63A mutations (2 ug for each mutant). Protein expression was detected by Western blotting using anti-HA, anti-FLAG, and
anti-actin antibodies. The relative Ser5 expression was determined by quantifying their intensity on Western blots and is presented. Error bars indicate the SEM
from three independent experiments. (C) pBJ5-iFLAG-mSer5 (1 ng) was expressed with pcDNA3.1-glycoMA-HA bearing indicated mutations (2 ng) in 293T cells,
and the Ser5 expression on the cell surface was determined by flow cytometry using an anti-FLAG antibody. Error bars indicate the SEM from three independent

experiments.

BiFC signals were found in intracellular compartments as the WT protein-Ser5 signals,
whereas those P31A, Y36A, L39A, and R63A mutant-Ser5 BiFC signals were not. These
results demonstrate that although P31, Y36, L39, and R63 are not involved in the
glycoMA-Ser5 interaction, they play an important role in Ser5 intracellular trafficking
and downregulation.

Ser5 is internalized by glycoMA via receptor-mediated endocytosis. To under-
stand how Ser5 is internalized by glycoGag, we studied the AP-2 pathway. The AP-2
complex is a heterotetramer consisting of two large subunits (« and B2), one medium
subunit (u), and one small subunit (o) (26). We ectopically expressed the AP-2« and o
subunits and determined how Ser5 is downregulated by glycoMA. As a control, the
AP-Tu subunit was tested. The decrease of Ser5 by glycoMA at steady-state levels was
enhanced by AP-20 but not by AP-1u and AP-2a (Fig. 4A). To validate the AP-20
activity, cells were treated with AP-20-specific shRNAs (Fig. 4B, lanes 1 and 2). The
glycoMA-mediated Ser5 downregulation was completely disrupted by these AP-2¢0
shRNAs (Fig. 4B, lanes 3 to 6). In addition, we noted an increase in Ser5 molecular
weights upon this shRNA treatment. These results demonstrate that AP-2 is involved in
the Ser5 downregulation and confirm our previous observation that the endogenous
AP-2¢ expression is limited in this process (9).
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FIG 3 Detection of glycoMA and Ser5 interaction by BiFC. Hela cells were cotransfected with pcDNA3.1-
glycoMA-VN-HA/pcDNA3.1-glycoMA-V5-VC (2 ug) or with pcDNA3.1-mSer5-VN-HA/pcDNA3.1-mSer5-
FLAG-VC (1 ng). In addition, pcDNA3.1-mSer5-VN-HA (1 ug) was also cotransfected with pcDNA3.1-
glycoMA-V5-VC (3 ug) or its mutants, as indicated. Their BiFC fluorescent signals were visualized by
confocal microscopy.

We then used an antibody uptake assay to monitor the AP-2 mediated Ser5
endocytosis. Hela cells were transfected with Ser5 and glycoMA expression vector and
then cultured for 24 h. The cells were stained with an anti-FLAG antibody to label Ser5
proteins on the cell surface and incubated at either 37°C to allow endocytosis, or at 4°C
to block endocytosis. One hour later, Ser5 subcellular localization was determined by
fluorescence microscopy. In the absence of glycoMA, cell surface Ser5 proteins were
barely internalized even at 37°C (Fig. 4C, top panels, and Fig. 4D). However, when
glycoMA was expressed, Ser5 was effectively internalized at 37°C but not at 4°C (Fig. 4C,
bottom panels, and Fig. 4D). We also used a flow cytometry-based assay to demon-
strate the Ser5 internalization by glycoMA. The cell surface Ser5 expression was
effectively reduced by glycoMA at 37°C, but much less effectively at 4°C (Fig. 4E and F).
Collectively, these results demonstrate that glycoGag internalizes Ser5 via receptor-
mediated endocytosis.

Rab GTPases are involved in glycoMA-mediated Ser5 downregulation. Our
previous results imply that the Rab5™ early, Rab7™ late, and Rab11™" recycling endo-
somes are involved in the Ser5 internalization by glycoGag (Fig. 1D). We determined
whether glycoMA-Ser5 complexes are associated with these endosomal compartments.
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representing the SEM.

When Ser5 was expressed alone, it was mainly distributed to the plasma membrane,
and barely colocalized with Rab5, Rab7, or Rab11 (Fig. 5A and B). When Ser5 was
expressed with glycoMA as a BiFC pair, Ser5 relocalized to Rab5*, Rab7*, and Rab11+
intracellular compartments (Fig. 5A and B). Thus, glycoGag promotes Ser5 trafficking
into these endosomes.

Next, we investigated whether Rab5, Rab7, or Rab11 affects the Ser5 downregula-
tion. Initially, we tested Ser5 downregulation by glycoMA in the presence of Rab5, Rab7,
and Rab11 overexpression. The overexpression did not affect the Ser5 expression in the
absence of glycoMA but further decreased the Ser5 expression at steady-state levels
when glycoMA was expressed (Fig. 5C, lanes 1 to 8). Next, we repeated this experiment
by decreasing Rab5, Rab7, and Rab11 expression via those shRNAs (Fig. 1D) (9). All three
Rab-specific shRNAs effectively blocked the glycoMA-mediated Ser5 downregulation
(Fig. 5C, lanes 9 to 16). Collectively, these results demonstrate that glycoGag-mediated
Ser5 downregulation is dependent on these Rab5™ early, Rab7* late, and Rab11™
recycling endosomes.

Ubiquitination plays an important role in glycoMA downregulation of Ser5. To
understand whether Ser5 is targeted to degradative pathways via these endosomes, we
investigated how ubiquitination is involved in the Ser5 downregulation.

First, we determined whether ubiquitination via K48 and K63 plays a role in glycoMA
downregulation of Ser5. Polyubiquitination through K48 and K63 occurs most fre-
quently, which accounts for 52 or 38% of ubiquitination events (27). We expressed the
WT and two ubiquitin mutants bearing a K48 or K63 substitution with an arginine
residue (Uby,gg and Ubygsr) and then determined how the Ser5 downregulation by
glycoMA was affected. The Ser5 downregulation was accelerated by the WT Ub but was
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FIG 5 Rab GTPases are involved in glycoMA-mediated Ser5 downregulation. (A) pCMV-DsRed-HA-Rab5b (1 ng), pCMV-DsRed-2xHA-Rab7a (1 ng), or pCMV-
DsRed-2xHA-Rab11a (1 ug) was expressed with the pcDNA3.1-mSer5-VN-HA (1 ng)/pcDNA3.1-glycoMA-V5-VC (2 ng) pair or with pEGFP-N1-mSer5-FLAG (1 ng)
alone in Hela cells. Fluorescence signals were detected by confocal microscopy. (B) The colocalization of Ser5 with Rab small GTPases in the presence or absence
of glycoMA in panel A was statistically analyzed. Error bars indicate the SEM from three independent experiments. (C) pCMV6-mSer5-FLAG (0.1 pg) was
expressed with pcDNA3.1-glycoMA-HA (3 ng) in the presence of either the Rab5, Rab7, and Rab11 expression vector (1 ug) or their shRNA expression vector

(4 ng). The protein expression was determined by Western blotting.

compromised by Uby,gsz and Ub,gsr (Fig. 6A). In addition, the WT Ub expression was
not detectable, although both Ub,,¢r and Ub,.5 expression were detected, confirming
the accelerated Ser5 downregulation by the WT Ub. These results demonstrate that
polyubiquitination via K48 and K63 is involved in glycoMA-dependent Ser5 downregu-
lation, which is consistent with our previous results (9).

Second, we detected Ser5 polyubiquitination. Initially, we tested Ser5 and glycoMA
interaction with ubiquitin using BiFC. As reported previously, we could detect the
specific BiFC signals from the Ub-VN/Ser5-VC pair expression in live cells (9), indicating
that Ser5 interacts with ubiquitin in the absence of glycoMA (Fig. 6B). However, BiFC
signals were not detected from the Ub-VN/glycoMA-VC pair, indicating that glycoMA
should not interact with ubiquitin. In addition, the Ser5-glycoMA BiFC complex strongly
colocalized with WT ubiquitin but not a lysine-free ubiquitin mutant (Ub,.) (Fig. 6C).
Next, Ser5 and/or glycoMA were expressed and, after immunoprecipitation, Ser5 pro-
tein expression was detected by Western blotting. The Ser5 expression was detectable
by an anti-Ub antibody in the absence and presence of glycoMA (Fig. 6D, lanes 1 and
3), indicating that Ser5 is likely polyubiquitinated even in the absence of glycoMA. In
addition, more polyubiquitinated Ser5 proteins were detected in the absence of
glycoMA, which is consistent with glycoMA downregulation of Ser5. These results
demonstrate that Ser5 is likely polyubiquitinated in the absence of glycoGag, which is
required for the Ser5 downregulation.

Ser5 is targeted to lysosomes for degradation. To determine whether Ser5 is
targeted to lysosomes, lysosome-associated membrane protein 1 (LAMP1) was ex-
pressed with Ser5-GFP or the Ser5-VN/glycoMA-VC BiFC pair, and their subcellular
colocalization was observed by confocal microscopy. Ser5-GFP showed a plasma
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FIG 6 Ubiquitination plays an important role in glycoMA-mediated Ser5 downregulation. (A) pCMV-mSer5-FLAG (0.05u19) and pcDNA3.1-glycoMA-HA (2 ng)
were expressed with a WT ubiquitin (Ub) or its mutant (Uby,gz and Ub,,,z) expression vector (1 ug) in 293T cells. The protein expression was analyzed by
Western blotting. (B) pcDNA3.1-mSer5-FLAG-VC (1 ug) or pcDNA3.1-glycoMA-V5-VC (2 pg) was transfected with pcDNA3.1-Ub-VN-HA (1 ng) into Hela cells.
Ectopic ubiquitin was detected by an anti-HA, followed by Alexa Fluor 647-conjugated secondary antibody and the fluorescence was observed by confocal
microscopy. (C) pcDNA3.1-mSer5-VN-HA (1 ng) and pcDNA3.1-glycoMA-V5-VC (2 ug) were expressed with a WT or lysine-free ubiquitin (Ub,) expression vector
in Hela cells. The ectopic ubiquitin was detected similarly as in panel B, and the fluorescence was observed by confocal microscopy. (D) pCMV-mSer5-FLAG
(0.211g) and/or pcDNA3.1-glycoMA-HA (12 ng) was expressed in 293T cells. Proteins were immunoprecipitated with anti-FLAG beads and detected by anti-FLAG

and anti-Ub antibodies.

membrane localization and did not colocalize with LAMP1 (Fig. 7A). In contrast, the
Ser5-glycoMA WT and G2A mutant BiFC complexes were found in punctated perinu-
clear compartments, where it strongly colocalized with LAMP1. Nonetheless, the Ser5-
glycoMA P31A, Y36A, L39A, and R63A mutant BiFC complexes were diffused in the
cytoplasm and poorly colocalized with LAMP1. This result is consistent with their poor
activity to downregulate Ser5.

Next, Ser5 and glycoMA were expressed and treated with NH,Cl and bafilomycin A1
that block the lysosome function, and Ser5 and glycoMA expression at steady-state
levels were determined by Western blotting. Although the strong glycoMA-mediated
Ser5 downregulation was observed again, such downregulation was completely dis-
rupted by these two inhibitors (Fig. 7B). Notably, the glycoMA expression was also
strongly increased by these two inhibitors. These results demonstrate that glycoMA
should target Ser5 into lysosomes for degradation.

Murine Ser1, Ser2, and Ser3 are downregulated by glycoMA. To define the
broadness of the glycoMA activity, we tested whether murine Ser1, Ser2, and Ser3 are
also targeted by glycoMA. First, we determined whether these three proteins have any
antiviral activities. WT and AN HIV-1 pseudoviruses were produced in the presence of
murine Ser1, Ser2, Ser3, or Ser5, and viral infectivity was determined. Ser5 strongly
reduced the AN, but not WT HIV-1 infectivity, whereas Ser1, Ser2, and Ser3 did not show
any antiviral activity (Fig. 8A). Consistently, Nef reduced the Ser5 expression at steady-
state levels (Fig. 8B). In addition, Nef also reduced the Ser1 and Ser3, but not the Ser2
expression. Second, we tested how glycoMA could affect Ser1, Ser2, and Ser3 expres-
sion. The Ser1, Ser2, and Ser3 expression were all decreased by glycoMA (Fig. 8C).
Nonetheless, the decrease was effectively inhibited by NH,Cl, and the glycoMA expres-
sion was also strongly increased by NH,Cl. The NH,Cl treatment also decreased the
molecular weights of these SERINC proteins. Thus, although murine Ser1, Ser2, and Ser3
do not have any antiviral activities, glycoMA still downregulates them, probably by a
very similar mechanism.
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h, the cells were treated with NH,CI (20 wM) or bafilomycin A1 (100 nM). Protein expression was analyzed by Western blotting.

DISCUSSION

Previous studies have shown that glycoGag inhibits Ser5 incorporation into HIV-1
virions and counteracts its antiviral activity (2, 3). These studies also find that glycoGag
downregulates Ser5 from the cell surface and relocalizes Ser5 from the plasma mem-
brane to perinuclear vesicles. We not only confirmed these observations but also
demonstrate that glycoGag reduces the Ser5 expression at steady-state levels. Such a
reduction was not observed in these earlier studies. We reported that Nef becomes
unable to counteract Ser5 when Ser5 is expressed at relatively high levels (7). To
observe the glycoGag effect, we decreased the Ser5 expression by using the pBJ5
vector that has a weak promoter or by using much less of the pCMV6 vector that has
a strong promoter. Thus, a relatively higher glycoGag expression may be required for
the decreased Ser5 expression. It was recently reported that human Ser5 is subjected
to N-glycosylation at residue N294 (28). This N-glycosylation site is conserved in all
human and murine SERINC family members. The major Ser5 species detected in our
studies has a molecular weight slightly larger than 40 kDa, which should correspond to
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FIG 8 Ser1, Ser2, and Ser3 are downregulated by glycoMA. (A) WT and AN HIV-1 pseudoviruses were produced from 293T cells in the
presence of pCMV6-mSer1, pCMV6-mSer2, pCMV6-mSer3, or a control (Ctrl) vector (0.05 ug). After being normalized by p24S29 ELISA, viral
infectivity was determined in TZM-bl cells. The infectivity of WT viruses produced in the absence of Ser5 was set as 100%. Error bars
indicate the SEM from three independent experiments. (B) pCMV6-mSer1-FLAG, pCMV6-mSer2-FLAG, pCMV6-mSer3-FLAG, and pCMV6-
mSer5-FLAG (0.05 ng) were expressed with pNLenCAT or pNLenCAT-Xh (3 ng), and protein expression was analyzed by Western blotting.
(C) pCMV6-mSer1-FLAG, pCMV6-mSer2-FLAG, and pCMV6-mSer3-FLAG (0.05 ng) were expressed with pcDNA3.1-glycoMA-HA (3 ng). After
24 h, cells were treated with NH,Cl (20 uM), and protein expression was analyzed by Western blotting.

the low molecular weight form of the human Ser5 modified by high-mannose glycans.
We also detected a change in SERINC protein molecular weights after treatments with
AP-2¢0 shRNAs and NH,Cl, which may result from an influence on N-glycosylation.

To understand how Ser5 is targeted by glycoGag, we investigated their interactions
via BiFC. Recently, we reported the detection of the Nef-Ser5 interactions using this
assay and demonstrated that Nef membrane association and oligomerization are
required for its interaction with Ser5 (9). Notably, although we could detect Ser5
oligomerization, the glycoMA oligomerization was not detectable via BiFC. Nonethe-
less, the glycoMA-Ser5 interaction was detected via BiFC, indicating that glycoGag
oligomerization is not required for its interaction with Ser5. Thus, Nef and glycoMA
have a differential dependence on their oligomerization for Ser5 interaction.

A previous study has mapped a crucial glycoGag region to residues 24 to 54 in the
88-amino-acid leader region, where the important Y;cXXL;, motif is located (24). We
identified an important P31 residue in this region and found another crucial R63 residue
in the conserved membrane-proximal region. Inactivation of these four residues by
introducing P31A, Y36A, L39A, and R63A mutation disabled glycoMA from Ser5 down-
regulation. Nonetheless, all of these mutants still interacted with Ser5 when measured
by BiFC but did not relocalize Ser5 into lysosomes. These results suggest that P31, Y36,
L39, and R63 should not determine glycoMA interaction with Ser5 and instead should
play a role in glycoMA-Ser5 trafficking after the complex is formed.
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Tyrosine-based sorting signals conforming to YXX& motifs (where “X” is any amino
acid and “d” is an amino acid with a bulky hydrophobic side chain), such as YXXL, are
recognized by the w subunits of heterotetrameric AP complexes such as AP-2u (29, 30).
AP-2 is responsible for internalization of transmembrane proteins on the plasma
membrane via clathrin-mediated endocytosis (31). Both the glycoGag Y;cXXL;, motif
and the cellular AP-2 complex were found to be indispensable for the glycoGag activity
to enhance viral replication (24). In support of these previous observations, we found
that AP-2 is required for the Ser5 downregulation by glycoMA, as measured by Western
blotting, and that glycoMA induces Ser5 endocytosis, as measured by an antibody
uptake assay. glycoGag alone has been shown to exhibit a punctuated perinuclear
distribution which is also stained with the late endosomal marker Rab7A (24). We
reported that after triggering vigorous endocytosis, Nef relocalizes Ser5 into Rab5"
early, Rab7* late, and Rab11+ recycling endosomes (9). We found that glycoMA also
relocalizes Ser5 into these endosomes, and manipulation of Rab5, Rab7, and Rab11
expression positively regulates the Ser5 downregulation. Collectively, these results
clearly demonstrate that endosomes are also required for glycoMA downregulation of
Sers5.

To unveil where Ser5 is targeted from endosomes, we investigated the ubiquitina-
tion pathway. We reported that although Nef does not promote Ser5 ubiquitination,
ubiquitination is required for Ser5 downregulation by Nef (9). Similarly, we found that
the expression of ubiquitin mutants Ub,,gg and Ub,.szr compromises the Ser5 down-
regulation by glycoMA. In addition, although WT ubiquitin strongly colocalizes with the
glycoMA-Ser5 complex, the lysine-free ubiquitin mutant (Ub,) does not. To under-
stand which protein is targeted by ubiquitin, we tested ubiquitin interactions with
glycoMA or Ser5 via BiFC. We found that ubiquitin selectively interacts with Ser5, but
not glycoMA. Furthermore, WT glycoMA could target Ser5 into LAMP1* compartments,
whereas the P31A, Y36A, L39A, and R63A mutant could not. Finally, inhibition of the
lysosome activity with NH,Cl and bafilomycin A1 resulted in a complete block of the
decrease of Ser5 expression at steady-state levels by glycoMA. Collectively, these results
demonstrate that glycoGag targets polyubiquitinated Ser5 via K48 and/or K63 linkage
to lysosomes for destruction.

In summary, we have collected new insights into the poorly defined Ser5 antago-
nism by MLV glycoGag. GlycoGag promotes Ser5 endocytosis from plasma membrane
via direct interactions and sorts polyubiquitinated Ser5 into endosomes, resulting in
Ser5 degradation in lysosomes. Because glycoMA also decreases Ser1, Ser2, and Ser3
expression at steady-state levels via a similar mechanism, the Ser5 antagonism by
glycoGag is conserved. Thus, further elucidating this glycoGag counteractive mecha-
nism will provide a new understanding of the arms race between Ser5 and retroviruses.

MATERIALS AND METHODS

Cells. Human embryonic kidney epithelium 293T cells, cervical cancer Hela cells, and mouse
embryonic fibroblast NIH 3T3 cells were obtained from American Type Culture Collection. The HIV-1
luciferase reporter TZM-bl cells were obtained from the NIH AIDS Reagent Program. All cells were
cultured in Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS; Sigma) and
100 mg/ml streptomycin and penicillin.

Plasmids. The MLV provirus construct (MoMLV; accession no. J02255) pNCA was obtained from
Stephen Goff (32). To generate glycoGag-defective MLV provirus plasmid (pNCAAgG), the initiation
codon CTG of glycoGag was mutated. The Env-deficient HIV-1 proviral vector pNLAE (pNLenCAT), its
Nef-deficient version pNLAEAN (pNLenCAT-Xh), and HIV-1 Env expression vector pNLnABS were pro-
vided by Kenzo Tokunaga (33). pLNCX2-Luc was reported previously (34).

pBJ5-glycoMA-HA was provided by Heinrich Gottlinger (24). pBJ5-mSer5-HA was generated by
replacing glycoMA with mSer5 after Xhol/EcoRI digestion (m: Mouse). pBJ5-iFLAG-mSer5 that has a FLAG
tag inserted between residues 291 and 292 of mSer5 was created by overlapping PCR amplification.
PEGFP-N1-mSer5-FLAG was created by cloning the mSer5-FLAG gene into pEGFP-N1 vector after
Kpnl/Agel digestion. pcDNA3.1-glycoMA-HA was created by cloning glycoMA-HA into pcDNA3.1-eGFP
after Hindlll/EcoRV digestion. An Xhol site was introduced before the ATG codon, and a BspEl site was
introduced between glycoMA and the HA tag during this cloning. pcDNA3.1-SF2Nef-HA (Nef gene from
HIV-1 SF2 strain) was created by cloning Nef-HA into pcDNA3.1-mSer5-VN-HA vector after Xhol/EcoRI
digestion, and a BspEl site was introduced between Nef and the HA tag during this cloning.
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pcDNA3.1-Ser5-FLAG-VC, pcDNA3.1-Ser5-VN-HA, pcDNA3.1-Ser5-VN-FLAG, pcDNA3.1-Nef-V5-VC, and
pcDNA3.1-Ub-VN-HA were reported previously (9). To construct pcDNA3.1-mSer5-VN-HA, mSer5-VN-HA
was amplified by overlapping PCR and cloned into pcDNA3.1-Ser5-VN-HA by Xhol/EcoRV digestion. An
EcoRl site was created immediately before the EcoRV site during this cloning. pcDNA3.1-mSer5-FLAG-VC
was created after replacing human Ser5 in pcDNA3.1-Ser5-FLAG-VC with mSer5 after Hindlll/EcoRV
digestion. pcDNA3.1-mSer5-VN-FLAG was created from pcDNA3.1-Ser5-VN-FLAG by homologous recom-
bination after Xhol/BspEl digestion. pcDNA3.1-glycoMA-V5-VC was created by replacing Nef in
pcDNA3.1-Nef-V5-VC via homologous recombination after Xho1/EcoR1 digestion. pcDNA3.1-glycoMA-
VN-HA was created by replacing Ser5 in pcDNA3.1-Ser5-VN-HA via homologous recombination after
Xhol/BspEl digestion. GlycoMA G2A, G2A/Y36A, P31A, Y36A, L39A, and R63A mutation in pcDNA3.1-
glycoMA-HA and pcDNA3.1-glycoMA-V5-VC were created by site-directed mutagenesis, respectively. Ub
K48R and K63R mutants were created in the pCMV-HA-Ub vector by site-directed mutagenesis. Primers
and cloning methods are available upon request.

The following vectors were ordered from OriGene: pCMV6-AP-11 (RC202366), pCMV-mSer1-FLAG
(MR207184), pCMV-mSer2-FLAG (MR207238), pCMV-mSer3-FLAG (MR207539), pCMV-mSer5-FLAG
(MR207354), and pGFP-C-shLenti vectors expressing shRNAs against AP-20 (TL306655), Rab5a
(TL309987), Rab7a (TL309983), and Rab11a (TL310015).

The following vectors were obtained via Addgene: pCMV-DsRed-2xHA-Rab7a (no. 12661) and pCMV-
DsRed-2xHA-Rab11a (no. 12679) from Richard Pagano, pCMV-mRFP-Rab5a (catalog no. 14437) from Ari
Helenius, pCMV-LAMP1-mGFP (no. 34831) from Esteban Dell'’Angelica, pCMV-HA-Ub (no. 18712) from
Edward Yeh, and pRK5-HA-Ubiquitin-KO (no. 17603) from Ted Dawson.

Effect of Ser5 on HIV-1 and MLV infectivity. WT and AN HIV-1 pseudoviruses were produced from
293T cells. Cells were transfected with 1 ug of pBJ5-mSer5-HA that expresses mSer5, 0.2 ug of pNLNABS
that expresses Env, and 1 ug of pNLenCAT that produces WT particles or with pNLenCAT-Xh that
produces AN particles, using polyethylenimine from Polysciences as transfection reagent. The cells were
cultured for 48 h after transfection. Viral production was quantified by p24%29 enzyme-linked immu-
nosorbent assay (ELISA), and viral infectivity was detected via infecting the HIV-1 luciferase reporter cell
line TZM-bl cells in a 96-well plate for 48 h. Intracellular luciferase activities were determined using the
Bright-Glo luciferase assay system (Promega) and used to calculate viral infectivity.

WT and AgG MLV were produced from 293T cells after transfection of 1 ug of pNCA or pNCAAgG
with 1 ug of pLNCX2-Luc in the presence of 1 ug of pBJ5-mSer5-HA. Cells were cultured for 2 days before
viruses were harvested. Virions were purified by ultracentrifugation and quantified by Gag by Western
blotting. Infectivity was assayed by measuring the intracellular luciferase activities after 48 h infection of
NIH 3T3 cells.

Effect of glycoMA on Ser5 endocytosis. Hela cells was transfected with pBJ5-iIFLAG-mSer5 and
pcDNA3.1-glycoMA-HA for 24 h. Cells were incubated with anti-FLAG monoclonal antibody (1:1,000) at
4°C for 30 m. After being washed three times with phosphate-buffered saline (PBS), the cells were
cultured with DMEM at 4 or 37°C for 1 h. The cells were then fixed with 4% paraformaldehyde, followed
by washing with PBS and permeabilization with 0.1% Triton X-100 for 5 min. The cells were incubated for
1 h at room temperature with Alexa Fluor 488-conjugated goat anti-mouse antibody (1:500) diluted in
5% FBS. After the cells were washed with PBS, DAPI (4’,6'-diamidino-2-phenylindole) was used to stain
the nuclei. Ser5 internalization was detected by the laser scanning confocal microscope. The frequency
of cells in which relocalization of Ser5 occurred was calculated to determine the level of endocytosis.

Western blotting. In brief, 293T cells were seeded either in 6-well plates or in 10-cm dishes with an
initial density of 5 X 10° cells per well or 2 X 10 cells per dish. At 24 or 48 h transfection, the cells were
lysed with radioimmunoprecipitation assay buffer (Sigma), and the cytosolic cellular proteins were
revolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis. After transfer to Immun-Blot
polyvinylidene difluoride membranes (Bio-Rad), the proteins were incubated with primary and secondary
antibodies. The mouse anti-FLAG, mouse anti-HA, and mouse anti-actin monoclonal antibodies were
purchased from Sigma; the mouse anti-V5 monoclonal antibodies were purchased from Invitrogen; the
rabbit anti-Rab5 antibodies were purchased from Cell Signaling Technology; Horseradish peroxidase-
conjugated anti-human, rabbit, or mouse immunoglobulin G secondary antibodies were purchased from
Pierce. The enhanced chemiluminescence detection kit was purchased from Thermo Fisher.

Confocal microscopy. Approximately 1.5 X 10° to 2.0 X 10° HeLa cells were seeded on poly-L-lysine-
coated glass slides and transfected with indicated vectors using Lipofectamine 3000 as a transfection
reagent (Thermo Fisher). After 24 h, the cells were fixed with 4% paraformaldehyde, permeabilized with
0.1% Triton X-100, and blocked with 5% bovine serum albumin (BSA). For immunofluorescence assay, the
cells were incubated with primary antibodies against HA or FLAG tags at a 1:1,000 dilution in PBS with
5% BSA for 2 h. After five washes with PBS, the cells were stained using Alexa Fluor 488- or Alexa Fluor
647-conjugated secondary antibodies at a 1:500 dilution for 1 h. The cells were washed with PBS five
times and then incubated with DAPI for 2 min for nuclear staining. After further washing with PBS, cells
were observed under a confocal microscope (ZEISS LSM880). For imaging, a 63X oil objective was used.
At least 100 random cells per slide were analyzed, and the most representative images from each slide
were selected for presentation.

Flow cytometry. 293T cells were transfected with pBJ5-iFLAG-mSer5 and pcDNA3.1-glycoMA-HA
for 24 h. After fixation with 4% paraformaldehyde, the cells were incubated with an anti-FLAG
monoclonal antibody at 4°C overnight. After washing, the cells were incubated with Alexa Fluor
488-conjugated goat anti-mouse antibody for 1 h. Ser5 expression on the cell surface was deter-
mined by flow cytometry.
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Statistical analysis. Microsoft Excel was used for statistical tests. An unpaired two-tailed Student t
test was used to evaluate the significance of differences between samples. In each group, the standard
errors of the mean (SEM) were calculated to estimate the variance. All experiments were repeated
independently at least three times; the results of a representative experiment are shown (*, P < 0.05; **,
P < 0.01; ***, P < 0.001; NS, not significant [P > 0.05]).
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