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The retroviral accessory proteins S2, Nef, and glycoMA use
similar mechanisms for antagonizing the host restriction

factor SERINC5
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Serine incorporator 5 (SERINCS5) is a recently identified
restriction factor that blocks virus entry but is antagonized by
three unrelated retroviral accessory proteins. The S2 protein
from equine infectious anemia virus (EIAV) has been reported
to reduce SERINCS5 expression at steady-state levels likely via
the endocytic pathway; however, the precise mechanism is still
unclear. Here, we investigated how EIAV S2 protein down-reg-
ulates SERINC5 compared with down-regulation induced by
Nef from HIV-1 and glycoMA proteins from murine leukemia
virus (MLV). Using bimolecular fluorescence complementation
(BiFC) assay and immunoprecipitation (IP), we detected an
interaction between S2 and SERINC5. We found that this inter-
action relies on the S2 myristoylation site, indicating that it may
occur on the plasma membrane. S2 internalized SERINCS5 via
receptor-mediated endocytosis and targeted it to endosomes
and lysosomes, resulting in a ubiquitination-dependent
decrease in SERINC5 expression at steady-state levels. Both
BiFC and IP detected a glycoMA—SERINCS5 interaction, but a
Nef-SERINCS interaction was detected only by BiFC. More-
over, S2 and glycoMA down-regulated SERINC5 more effec-
tively than did Nef. We further show that unlike Nef, both S2
and glycoMA effectively down-regulate SERINC2 and also SER-
INC5 from Xenopus tropicalis (xXSERINC5). Moreover, we
detected expression of the equine SERINC5 (eSERINCS5) pro-
tein and observed that its expression is much weaker than
expression levels of SERINC5 from other species. Nonetheless,
eSERINCS5 had a strong antiviral activity that was effectively
counteracted by S2. We conclude that HIV-1, EIAV, and MLV
share a similar mechanism to antagonize viral restriction by host
SERINCS.
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Serine incorporator 5 (SERINC5 or Ser5)® belongs to the
SERINC protein family that consists of five members (1-5) (1).
They are type Il integral membrane proteins with 10—11 trans-
membrane domains. Ser3 and Ser5 were discovered as the tar-
gets for HIV-1 Nef that has an activity to increase HIV-1 parti-
cle infectivity (2, 3). Compared with Ser5, Ser3 has a much
weaker antiviral activity. Unlike mice that express only one,
humans express five Ser5 alternatively spliced isoforms with
nine or 10 transmembrane domains, although only the longest
isoform is stably expressed and exhibits the antiviral activity (4).
In the absence of Nef, Ser5 is incorporated into HIV-1 particles
and inhibits viral replication at the entry step (2, 3, 5). Nef effec-
tively antagonizes Ser5 and restores viral infectivity by down-
regulating Ser5 from the cell surface and preventing Ser5 from
incorporation into virions (2, 3, 6). In addition to Nef, Ser5 is
antagonized by MLV glycosylated Gag (glycoGag) (2, 3) and
EIAV S2 (7, 8). We recently reported that both Nef and gly-
coGag antagonisms are mediated by a decrease of Ser5 expres-
sion at steady-state levels via endosome and lysosome pathways
(9, 10).

It was reported that S2 relocalizes Ser5 into Rab7* late endo-
somes and reduces Ser5 stability, resulting in exclusion of Ser5
from virions (8). EIAV is a macrophage-tropic lentivirus that
causes a fatal disease of equids characterized by periodic epi-
sodes of fever, thrombocytopenia, and viremia (11, 12). Like
primate lentiviruses, EIAV expresses accessory proteins to pro-
mote viral replication, one of which is known as S2 (13). S2 is a
7-kDa protein that has some features of Nef, although they do
not share any sequence homology. Like Nef, S2 has a functional
N-terminal myristoylation site for association with the plasma
membrane (8). In addition, Nef interacts with adaptor protein 2
(AP-2) complex for intracellular trafficking via an EXXXLL-
based dileucine motif (14, 15), and it has a PXXP motif that

3 The abbreviations used are: SERINC or Ser, serine incorporator; EIAV, equine
infectious anemia virus; MLV, murine leukemia virus; BiFC, bimolecular fluo-
rescence complementation; IP, immunoprecipitation; glycoGag, glycosy-
lated Gag; AP-2, adaptor protein 2; SH3, Srchomology 3; AN, Nef-defective;
VN, Venus N-terminal residues 2-173; VC, Venus C-terminal residues 154 -
238; mRFP, monomeric RFP; Ub, ubiquitin; LAMP1, lysosomal-associated
membrane protein 1; eSer5, equine Ser5; hSer5, human Ser5; ICL4, fourth
intracellular loop; xSer5, X.tropicalis Ser5; HA, hemagglutinin; mSer,
murine Ser5; RIPA, radioimmune precipitation assay; DAPI, 6-diamidino-2-
phenylindole; HRP, horseradish peroxidase; EGFP, enhanced GFP.
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SERINC5 down-regulation by S2/glycoGag/Nef
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Figure 1. S2 down-regulation of Ser5. A, WT and AN HIV-1 pseudoviruses were produced from 293T cells after transfection of 1 ug of Env expression vector
pNLnABS and 1 ug of Env-deficient HIV-1 proviral vector pNLenCAT or pNLenCAT-Xh in the absence or presence of 1 ug of pBJ5-mSer5-FLAG and/or 2 g of
pcDNA3.1-52-HA. Viruses were normalized by p24%29 ELISA, and viral infectivity was determined after infection of TZM-bl cells. The infectivity of WT viruses
produced in the absence of Ser5 was setas 100%. B, 293T cells were transfected with 2 ug of pBJ5-mSer5-FLAG and 3 ug of pcDNA3.1-S2-HA or its empty vector.
After 24 h, protein expression was detected by Western blotting. C, 293T cells were transfected with 0.1 ug of pPCMV6-mSer5-FLAG and 2 g of pcDNA3.1-S2-HA
or its empty vector. After 24 h, cells were treated with MG132 (20 um) or NH,CI (20 um) for 12 h, and the protein expression was analyzed by Western blotting.
D, Hela cells were transfected with 1 pg of pEGFP-N1-mSer5-FLAG and/or 2 ug of pcDNA3.1-52-HA or pcDNA3.1-Nef,-HA. The Ser5- and S2-cotransfected
cells were treated with bafilomycin A1 (100 nm) for another 12 h. S2 and Nef proteins were stained with anti-HA followed by Alexa Fluor 647- conjugated goat
anti-mouse and detected by confocal microscopy. E, HelLa cells were transfected with pEGFP-N1-mSer5-FLAG and pcDNA3.1-S2-HA or pcDNA3.1-Nef,e,-HA.
Cells were treated with bafilomycin A1 and stained with anti-HA as described (D). The frequency of S2/Ser5 and Nef/Ser5 double-positive cells was calculated

by confocal microscopy, with that in treated cells set as 100%. Error bars in A, C, and E indicate S.E. from three independent experiments. **, p < 0.01.

binds to the SH3 domains of Src and Tec family kinases (16, 17).
S2 has a putative EXXXLL or YXXL motif for AP-2 binding and
a putative PXXP motif for SH3 binding (8). Furthermore, Nef'is
required for optimal HIV and simian immunodeficiency virus
replication and disease progression in vivo (18-20). S2 also
increases EIAV viral loads and enhances clinical symptoms in
infected animals (21-24). Here, we report our studies on the S2
antagonism with a comparison with Nef and glycoMA.

Results
52 down-regulation of Ser5

To detect the Ser5 antagonism by S2, wildtype (WT) and
Nef-defective (AN) HIV-1 NL strain pseudoviruses were pro-
duced in the presence of murine Ser5 (designated as Ser5)
and/or S2 from EIAV PV strain (25). Although both WT and
AN viral infectivities were reduced by Ser5, the reduction of the
AN infectivity was much more profound (Fig. 14). In addition,
the reduction of the AN infectivity was effectively rescued by S2
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(Fig. 1A4). S2 also decreased the Ser5 expression at steady-state
levels (Fig. 1B). Collectively, these results confirm the murine
Ser5 antiviral activity and its sensitivity to Nef and S2 (9, 26) as
well as the destabilization of Ser5 by S2 (8).

To study how S2 destabilizes Ser5, they were expressed and
treated with a proteasomal inhibitor, MG132, or a lysosomal
inhibitor, NH,Cl. S2 reduced the Ser5 expression at steady-
state levels again, and this was partially blocked by NH,Cl but
not MG132 (Fig. 1C). Next, we determined how S2 affects the
Ser5 subcellular localization with a comparison with HIV-1
Nef. Ser5-GFP was expressed with HA-tagged S2 or Nef. After
staining with fluorescent anti-HA, their localizations were
investigated by confocal microscopy (Fig. 1D). As reported,
Ser5 alone clearly exhibited plasma membrane localization (4,
9, 10), and Nef alone displayed plasma membrane association,
although it was also in cytoplasm (27). S2 alone showed a cyto-
plasmic equidistribution and an association with the plasma
membrane. When Ser5 was expressed with Nef, Ser5 was inter-
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nalized to cytoplasm and colocalized with Nef. When Ser5 was
expressed with S2, cells expressing both Ser5 and S2 were barely
detected unless cells were treated with another lysosomal
inhibitor, bafilomycin Al (Fig. 1E). This treatment also
increased cells expressing both Ser5 and Nef, but the increase
was much less significant. Under the treatment, Ser5 was relo-
calized to perinuclear compartments where it strongly colocal-
ized with S2 (Fig. 1D). These results demonstrate that Ser5 is
internalized from the plasma membrane by S2 and targeted to
the lysosome pathway for destruction.

Crucial S2 residues for Ser5 down-regulation

We compared EIAV S2 protein sequences from the United
States (strains WY and PV), China (strains LIA and FDD), Ire-
land (strain IRE), and Japan (strain MIY) and found that their
N-terminal regions are highly homologous (Fig. 2A4). Although
the Gly* myristoylation site is completely conserved, the puta-
tive EXXXLL, YXXL, and PXXP motifs are only partially con-
served. It was reported that both G2A single-point and
L26A,L27A double-point mutants completely lose whereas the
P25A,P28A double-point mutant still retains the Ser5 counter-
active activity (8).

We created five S2 single-point mutants, including G2A,
W10A, S15A, E22A, and L26E, and investigated how these con-
served residues contribute to the S2 activity. First, we deter-
mined how these S2 mutations affect the Ser5 expression on the
cell surface by flow cytometry. WT, W10A, S15A, and E22A S2
proteins reduced the Ser5 expression, but the G2A and L26E
mutant did not (Fig. 2B). Second, we determined how the G2A
and L26E mutations affect the Ser5 subcellular localization by
confocal microscopy. In general, WT, G2A, and L26E S2 pro-
teins were all found in the cytoplasm and on the plasma mem-
brane (Fig. 2C). However, compared with the WT protein, the
G2A and L26E mutants tended to be distributed more in the
cytoplasm or on the plasma membrane, respectively. In addi-
tion, the WT protein relocalized Ser5 from the plasma mem-
brane to perinuclear compartments and colocalized with Ser5,
but both G2A and L26E mutants did poorly. Third, we deter-
mined how these mutations affect the Ser5 expression at
steady-state levels by Western blotting. Again, W'T, W10A,
S15A, and E22A S2 proteins strongly reduced the Ser5 expres-
sion, but both G2A and L26E mutants completely lost the activ-
ity (Fig. 2D). Thus, both Gly* and Leu®® residues are required
for S2 internalization of Ser5, resulting in reduction of Ser5
protein expression.

Detection of the S2-Ser5 interaction

To compare Ser5 antagonisms, similar levels of S2, glycoMA,
and Nef were expressed with Ser5, and Ser5 expression on the
cell surface was measured by flow cytometry. All of them could
reduce Ser5 expression, but S2 and glycoMA had stronger
activities than Nef (Fig. 34).

We have detected the Nef—Ser5 and glycoMA—Ser5 interac-
tion by BiFC (9, 10). We used immunoprecipitation (IP) to
detect Ser5 interactions with S2, glycoMA, and Nef. FLAG-
tagged Ser5 was expressed with HA-tagged Nef, glycoMA, or
S2, and proteins were pulled down by anti-FLAG and analyzed
by Western blotting. Although Nef and S2 were expressed at
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higher levels than glycoMA, the Ser5 expression at steady-state
levels was more effectively down-regulated by S2 and glycoMA
than Nef (Fig. 3B, bottom panel). Consistently, Ser5 pulled
down S2 and glycoMA but not Nef. Thus, we could detect
S2-Ser5 and glycoMA-Ser5 interaction by IP.

Next, we determined how the G2A, W10A, S15A, E22A, and
L26E mutations affect the S2 interaction with Ser5. We con-
firmed the decrease of Ser5 expression by WT, W10A, S15A,
and E22A S2 proteins and the lack of this activity from the G2A
and L26E mutants (Fig. 3C). We found that Ser5 was pulled
downby WT, W10A, S15A, E22A, and L26E but not the G2A S2
protein. Thus, the S2—Ser5 interaction depends on the S2 pro-
tein Gly” but not the Trp'°, Ser'®, Glu®?, or Leu® residue.

Detection of Ser5 endocytosis

Although it was suggested that the AP-2 pathway could be
involved in S2 down-regulation of Ser5 (8), there is no evidence
to show that S2 indeed internalizes Ser5 via receptor-mediated
endocytosis. The AP-2 complex is a heterotetramer consisting
of two large subunits, a and B2; one medium subunit, w; and
one small subunit, o(28). We reported that AP-20 expression is
limited in mammalian cells, and ectopic expression of AP-2¢
accelerates the Nef- and glycoMA-dependent decrease of Ser5
expression (9, 10). When Ser5 was expressed with S2 in the
presence of ectopic AP-2a or AP-20, the reduction of Ser5
expression was enhanced by AP-20 but not AP-2«a (Fig. 44).
We also reported that silencing of the endogenous AP-20 by
short hairpin RNAs (shRNAs) completely disrupts the Nef and
glycoMA activity (9, 10). After expressing the same AP-20 shR-
NAs, we found that the decrease of Ser5 expression by S2 was
also completely disrupted (Fig. 4B). Thus, the AP-2 pathway is
indeed required for S2 down-regulation of Ser5.

Next, we directly measured Ser5 endocytosis using an anti-
body uptake assay. After expression of Ser5 in HeLa cells in the
presence or absence of S2, cell surface Ser5 was labeled with
fluorescent anti-FLAG, and Ser5 subcellular distribution was
observed by confocal microscopy. In the absence of S2, Ser5 was
barely endocytosed even at 37 °C (Fig. 4C). When S2 was
expressed, Ser5 was effectively internalized at 37 °C but not
4 °C. Collectively, these results demonstrate that S2 internalizes
Ser5 via receptor-mediated endocytosis.

Ser5 is targeted to endosomes

We created a similar BiFC expression system to detect the
S2—Ser5 interaction in cells. The C terminus of S2 and Ser5 was
fused to Venus N-terminal residues 2—173 (VN) that has a HA
tag or its C-terminal residues 154-238 (VC) that has a FLAG
tag. When S2-VN-HA and Ser5-FLAG-VC were expressed
together, the green BiFC signals were detected and found to
be colocalized with Ser5 and S2, confirming the S2-Ser5
interaction (Fig. 5A4). In addition, as we observed previously,
the S2-Ser5 complex was associated with perinuclear
compartments.

Next, Ser5-GFP or the S2-VN/Ser5-VC BiFC pair was
expressed with mRFP-Rab5, DsRed-Rab7, or DsRed-Rab11 in
HelLa cells, and their colocalization was determined by confocal
microscopy. Ser5-GFP alone was mainly distributed on the
plasma membrane and barely colocalized with Rab5, Rab7, or
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Figure 2. Crucial S2 residues for Ser5 down-regulation. A, S2 protein sequences from six different EIAV strains are aligned, including AAC03764 (WY),
U01888 (PV), AAK21109 (LIA), GU385359 (FDD), AFW99166 (IRE), and AFV61766 (MIY). Red, blue, and black represent residues completely, partially, or not
conserved, and dashes indicate deletions. Targeted residues for mutagenesis including Gly?, Trp'®, Ser'®, Glu®*, and Leu?® are indicated by arrowheads. The
putative EXXXLL, YXXL, and PXXP motifs are also indicated. B, 293T cells were transfected with 2 ug of pBJ5-iIFLAG-mSer5 and 3 ug of pEGFP-N1 vector
expressing the indicated S2 proteins. Levels of Ser5 expression on the surface of EGFP-positive cells were analyzed by flow cytometry. Results are shown as
relative values, with the value of Ser5 in the presence of the pEFGP-N1 vector set as 100%. C, HeLa cells were transfected with 1 ug of pEGFP-N1-mSer5-FLAG
and 3 of ug pcDNA3.1 vector expressing the indicated S2 proteins. Doubly transfected cells were treated with bafilomycin A1. Ser5 and S2 localizations were
detected by confocal microscopy as in Fig. 1D. D, 293T cells were transfected with 0.1 ug of pPCMV6-mSer5-FLAG and 3 ug of pcDNA3.1 vector expressing the
indicated S2 proteins. The Ser5 protein expression was detected by Western blotting. The relative Ser5 expression levels are shown by quantifying their
intensity on Western blots, with the value of Ser5 in the presence of pcDNA3.1 vector set as 100%. Error bars in B and D indicate S.E. from three independent
experiments. **, p < 0.01; *** p < 0.001.

Rabl11 (Fig. 5, B and C). In contrast, the S2-VN/Ser5-VC com-
plexes were colocalized with Rab5, Rab7, and Rab11 in perinu-
clear compartments. To understand the functional importance
of these colocalizations, we silenced Rab5, Rab7, and Rab11

expression by specific SARNAs that were validated in our pre-
vious studies (10). The S2-mediated decrease of Ser5 expres-
sion at steady-state levels was effectively blocked by these
shRNAs (Fig. 5D). Conversely, when the expression of these
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Figure 3. Detection of the S2-Ser5 interaction. A, 293T cells were transfected with 1 ug of pcDNA3.1-S2-HA, pcDNA3.1-glycoMA-HA, or
pcDNA3.1-Nef,,-VN-HA alone or together with 100 ng of pBJ5-iHA-Ser5. Levels of S2, glycoMA, and Nef expression inside cells and levels of Ser5 expression
onthe cell surface were measured by flow cytometry. The relative Ser5 expression on the cell surface was calculated, with the value in the presence of pcDNA3.1
vector set as 100%. B, 293T cells were transfected with 0.5 pug of pCMV6-mSer5-FLAG and 12 ug of pcDNA3.1-52-HA, pcDNA3.1-glycoMA-HA, or
pcDNA3.1-Nef,,-HA. Afterimmunoprecipitation by anti-FLAG, proteins in cell lysate (Input) and pulldown (IP) samples were analyzed by Western blotting. The
relative Ser5 expression in cell lysate was calculated by quantifying the intensity on Western blots, with the value in the presence of the pcDNA3.1 vector set
as 100%. C, 293T cells were transfected with 0.5 ng of pCMV6-mSer5-FLAG and 12 ug of pcDNA3.1 expressing WT or the indicated mutant S2 proteins. Proteins
were pulled down and analyzed similarly. Error bars in A and B indicate S.E. from three independent experiments. ***, p < 0.001.

small GTPases was up-regulated via ectopic expression, the
decrease was strongly enhanced (Fig. 5E). Collectively, these
results demonstrate that S2 relocalizes Ser5 to Rab5™ early,
Rab7" late, and Rabl1™ recycling endosomes, which is
required for Ser5 down-regulation.

Ser5 is targeted to lysosomes via the ubiquitin pathway

To address whether the ubiquitin pathway is involved, we
expressed FLAG-tagged Ser5 in the presence or absence of S2
with the Hisg-tagged WT ubiquitin (Ub) to promote and with
Uby,gr Or Ubyesr mutant to block Ser5 ubiquitination. The
Ser5 down-regulation was accelerated by the WT Ub but was
compromised by Uby,gr and Ub,g,, (Fig. 64). To address
whether S2 affects Ser5 polyubiquitination, Ser5 was expressed
with WT, G2A, and W10A S2 proteins and pulled down by
anti-FLAG. Only WT and W10A, but not G2A, S2 proteins
were detected from the pulldown samples, which confirms the

SASBMB

specific S2—Ser5 interaction (Fig. 6B). In addition, similar levels
of Ser5 were detected from these pulldown samples by anti-Ub
regardless of whether S2 was present or not. Ser5 was detected
at higher than 180 kDa by anti-His (Fig. 64) and anti-Ub (Fig.
6B), which was caused by a boiling procedure during sample
preparation that triggers Ser5 aggregation. These results dem-
onstrate that S2 does not promote Ser5 polyubiquitination. In
addition, the ubiquitination pathway is required for S2 down-
regulation of Ser5.

To confirm that Ser5 is targeted to lysosomes, lysosomal
associated membrane protein 1 (LAMP1) was expressed with
Ser5-GFP or the S2-VN/Ser5-VC BiFC pair, and their subcel-
lular localization was observed by confocal microscopy. Ser5-
GFP alone showed plasma membrane localization again and
did not colocalize with LAMP1, but the S2—Ser5 complex was
found in perinuclear compartments and strongly colocalized

J. Biol. Chem. (2019) 294(17) 7013-7024 7017
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293T cells were transfected with 0.1 ug of pPCMV6-mSer5-FLAG and 3 g of pcDNA3.1-52-HA in the presence of 4 ug of AP-20 shRNA expression vector. Ser5
was detected by Western blotting. C, 293T cells were transfected with 1 ug of pBJ5-iIFLAG-mSer5 and 3 g of pcDNA3.1-S2-HA, and Ser5 endocytosis was
detected at4 and 37 °C. The levels of Ser5 endocytosis in the presence of S2 at 37 °C were set as 100%. Error bars in A and Cindicate S.E. from three independent

experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

with LAMP1 (Fig. 6C). Thus, Ser5 is targeted to lysosomes,
which explains how the Ser5 protein expression is decreased by
S2.

Equine Ser5 (eSer5) antiviral activity and sensitivity to S2

When eSer5 was compared with Ser5, they both selectively
reduced the AN HIV-1 infectivity (Fig. 74). To understand
whether S2 antagonizes eSer5, AN viruses were produced with
eSer5 or Ser5 in the presence of WT, G2A, W10A, S15A, E22A,
or L26E S2 proteins. Both Ser5 antiviral activities were effec-
tively counteracted by WT, W10A, S15A, and E22A, but not
G2A and L26E, S2 proteins (Fig. 7B). Thus, eSer5 has antiviral
activities that are antagonized by Nef and S2. In addition, both
Gly? and Leu®® residues play an indispensable role in the S2
antagonism.

Next, the eSer5 expression at steady-state levels was com-
pared with Ser5 and human Ser5 (hSer5). The eSer5 expression
was detected but at much lower levels than the other two
(Fig. 7C). When the eSer5 expression was increased after
using 20-fold more vector, both eSer5 and Ser5 protein
expression were similarly decreased by S2, demonstrating
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that S2 decreases eSer5 expression at steady-state levels (Fig.
7D). Thus, S2 antagonizes eSer5 by decreasing its protein
expression.

Broadness of the S2 antagonism

We reported that Ser2 is down-regulated by glycoMA but
not Nef (9). To define the broadness of the S2 activity, we tested
how S2 affects the expression of the other SERINC proteins.
When murine Serl, Ser2, and Ser3 and hSer5 were expressed,
S2 decreased all their expressions (Fig. 84). Thus, like glycoMA,
S2 down-regulates all these SERINC proteins.

Nef does not antagonize Ser5 from frog, and a Nef-resistant
domain was mapped to its fourth intracellular loop (ICL4) (29).
We expressed Xenopus tropicalis Ser5 (xSer5) and confirmed
its resistance to Nef (Fig. 8B, lanes 17 and 18). We also created
recombinant Ser5 proteins that express the ICL4 from xSer5
(Ser5-xICL4) and confirmed that Ser5-xICL4 is also resistant
to Nef (Fig. 8B, lanes 15 and 16). Nonetheless, we found that
both S2 and glycoMA effectively down-regulated xSer5 and
Ser5-xICLA4.
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Figure 5. Ser5 is targeted to endosomes. A, Hela cells were transfected with 1 g of pcDNA3.1-mSer5-FLAG-VC and 3 g of pcDNA3.1-S2-VN-HA. After 24 h,
cells were incubated with anti-FLAG or anti-HA followed by staining with Alexa Fluor 647-conjugated goat anti-mouse. The BiFC and immunofluorescence
signals were detected by a confocal microscopy. B, Hela cells were transfected with 1 pug of pCMV-mRFP-HA-Rab5a, pCMV-DsRed-2xHA-Rab7a, or pCMV-
DsRed-2xHA-Rab11ain the presence of 1 ug of pEGFP-N1-mSer5-FLAG or 1 g of pcDNA3.1-mSer5-FLAG-VC plus 3 g of pcDNA3.1-52-VN-HA. Fluorescence
signals were detected by confocal microscopy. C, the colocalization of Ser5 with Rab small GTPases in B was statistically analyzed. Error bars indicate S.E. from
three independent experiments. D and E, 293T cells were transfected with 0.1 ug of pPCMV6-mSer5-FLAG and 3 g of pcDNA3.1-52-HA or its control vector in
the presence of either 4 ug of Rab5, Rab7, and Rab11 shRNA expression vectors (D) or 1 ug of their expression vectors (E). Protein expressions were determined
by Western blotting. ***, p < 0.001.

Discussion

The Ser5 antiviral activity is antagonized by Nef, gly-
coMA, and S2. We recently reported that Nef and glycoMA
bind and internalize Ser5 via the endocytic pathway and tar-
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get Ser5 into lysosomes for degradation (9, 10). Now, we
demonstrate that S2 has a similar activity. S2 interacts with
Ser5 on the plasma membrane and down-regulates Ser5
from the cell surface via AP-2-mediated endocytosis. S2
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Figure 6. Ser5 is targeted to lysosomes. A, 293T cells were transfected with 0.1 g of pPCMV6-mSer5-FLAG and 3 g of pcDNA3.1-S2-HA or its control vector
in the presence of 1 ug of WT Ub or its mutant (Ub,,gg or Uby3r) €Xpression vectors. Protein expressions were detected by Western blotting. B, Ser5 and the
indicated S2 proteins were expressed, and proteins were pulled down and analyzed as in Fig. 3B. C, HelLa cells were transfected with 1 ug of pCMV-LAMP1-
mRFP in the presence of 1 ug of pEGFP-N1-mSer5-FLAG or 1 ug of pcDNA3.1-mSer5-VN-HA plus 3 ng of pcDNA3.1-52-FLAG-VC. Fluorescence signals were

detected by confocal microscopy.

relocalizes Ser5 into Rab5™ early, Rab7* late, and Rab11™
recycling endosomes, resulting in a decrease of Ser5 expres-
sion at steady-state levels by lysosomes. Although S2 does
not promote Ser5 polyubiquitination, Ser5 polyubiquitina-
tion via Lys*® and Lys®® is required for the decrease of its
expression. Thus, retroviruses have evolved a similar mech-
anism to antagonize Ser5.

We identified several differences in S2, glycoMA, and Nef
down-regulation of Ser5. Although their interactions with Ser5
are all detected by BiFC, only the glycoMA—Ser5 and S2—Ser5
interactions are detected by IP. In addition, S2 and glycoMA
reduce Ser5 expression on the cell surface and decrease the Ser5
expression at steady-state levels more efficiently than Nef.
Moreover, S2 and glycoMA decrease Ser2 and xSer5 expres-
sion, but Nef does not. In all these experiments, we used Nef
from HIV-1 SF2 strain (Nefgp,). Nefg, is one of the strongest
Nef proteins from HIV-1 subtypes B, C, D, and F clinical isolates
that effectively antagonize Ser5 (2). These differences may sug-
gest that glycoGag and S2 could antagonize Ser5 more effec-
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tively than Nef. However, because Nef is apparently sufficient
enough for HIV-1 to antagonize Ser5, it is interesting to under-
stand whether Ser5 restricts MLV and EIAV more potently
than HIV-1.

Although five S2 mutants, including G2A, W10A, S15A,
E22A, and L26E, were tested, only the G2A mutant does not
interact with Ser5. These results suggest that the S2—Ser5
interaction occurs on the plasma membrane, which is remi-
niscent of the Nef-Ser5 interaction we reported recently
(10). Although the L26E mutant still interacts with Ser5, it
internalizes Ser5 poorly and does not counteract Ser5, indi-
cating that Leu®® is required for S2 intracellular trafficking.
Leu®®is in the putative E*>XXXL?°L*” dileucine-based or the
putative Y**XX12° tyrosine-based sorting motif. Because the
E22A mutant is still active and the second leucine residue
Leu®” is not conserved among different EIAV strains, Leu®®
should not function as a part of the dileucine motif. In addi-
tion, because Tyr®® is not conserved, a role for Leu®® in the
tyrosine motif should not be expected either. Thus, it
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Figure 7. Analysis of eSer5 antiviral activity and sensitivity to S2. A, WT and AN HIV-1 pseudoviruses were produced from 293T cells in the absence
or presence of 0.2 ug of pcDNA3.1-mSer5-FLAG or pcDNA3.1-eSer5-FLAG. Viral infectivity was measured and presented as in Fig. 1A. B, AN HIV-1
pseudoviruses were produced from 293T cells in the presence of pcDNA3.1-mSer5-FLAG or pcDNA3.1-eSer5-FLAG and the indicated S2 expression
vectors. Viral infectivity was measured and presented as in Fig. 1A. C, 293T cells were transfected with 1 ug of pcDNA3.1-eSer5-FLAG,
pcDNA3.1-mSer5-FLAG, or pcDNA3.1-hSer5-FLAG. Lysate from cells expressing human and murine Ser5 was diluted as indicated, and Ser5 expressions
were compared by Western blotting. D, 293T cells were transfected with 3 png of pcDNA3.1-S2-HA and 4 ug of pCMV6-eSer5-FLAG or 0.2 pg of
pCMV6-mSer5-FLAG. Ser5 and S2 expressions were determined by Western blotting. Error bars in A and B indicate S.E. from three independent
experiments. *** p < 0.001.
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Figure 8. Broadness of the S2 antagonism. A, 293T cells were transfected with 0.2 g of pPCMV6-mSer1-FLAG, pCMV6-mSer2-FLAG, pCMV6-mSer3-FLAG, or
pCMV6-hSer5-FLAG in the presence of 3 ug of pcDNA3.1-52-HA or its control vector. SERINC and S2 expressions were determined by Western blotting. B, 293T
cells were transfected with 3 ug of pcDNA3.1-52-HA, pcDNA3.1-glycoMA-HA, pcDNA3.1-Nef,,-HA, or its control vector and 0.2 pg of pCMV6-mSer5-FLAG,
pCMV6-Ser5-xICL4-FLAG, or pCMV6-xSer5-FLAG, and their expressions were detected by Western blotting.

remains unclear how Leu®® plays an important role in the
Ser5 down-regulation.

Although the eSer5 antiviral activity was demonstrated (8),
its protein expression has not been shown. We show that eSer5
is expressed at steady-state levels, but the levels are much lower
than Ser5 from other species. Even though eSer5 is poorly
expressed, it shows a similar level of antiviral activity as Ser5,
suggesting that eSer5 has a much stronger antiviral activity than
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the other Ser5 proteins. To detect the eSer5 expression, we used
a large amount of expression vector. Under such condition, we
found that the eSer5 expression is deceased by S2. In addition,
we demonstrated that eSer5 is antagonized by WT, W10A, and
S15A, but not G2A and L26E, S2 proteins. Collectively, these
results demonstrate that S2 antagonizes eSer5 via a similar
mechanism as murine Ser5. Nevertheless, the poor eSer5
expression mechanism still remains unclear.
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Experimental procedures
Cells

Human embryonic kidney epithelium 293T and cervical can-
cer HelLa cells were obtained from American Type Culture Col-
lection (ATCC). The HIV-1 luciferase reporter TZM-bI cells
were obtained from the National Institutes of Health AIDS Rea-
gent Program. All cells were cultured in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum (Sigma) and 100
mg/ml streptomycin and penicillin.

Plasmids

The Env-deficient HIV-1 proviral vector pNLAE (pNLen-
CAT), its Nef-deficient version pPNLAEAN (pNLenCAT-Xh), and
HIV-1 Env expression vector pNLnABS were provided by Kenzo
Tokunaga. pBJ5-iHA-Ser5 was provided by Heinrich Géttlinger.
pcDNA3.1-glycoMA-HA, pBJ5-iFLAG-mSer5, pEGFP-N1-mSer5-
FLAG, pcDNA3.1-mSer5-VN-HA, pcDNA3.1-Nef.,-VN-HA,
pcDNA3.1-mSer5-FLAG-VC, pcDNA3.1-AP-2a-V5-VC,
pcDNA3.1-AP-20-V5-VC, pCMV6-mSerl-FLAG, pCMVe6-
mSer2-FLAG, pCMV6-mSer3-FLAG, pCMV6-mSer5-FLAG,
pCMV6-hSer5-FLAG, pCMV-DsRed-2xHA-Rab7a, pCMV-
DsRed-2xHA-Rablla, pCMV-mRFP-Rab5a, pCMV-LAMP1-
mRFP, pCMV-His,-Ub, and pGFP-C-shLenti vectors express-
ing shRNAs against AP-20, Rab5, Rab7, and Rabll were
described previously (9, 10).

Ubysr and Uby,r mutations were created in pCMV-
His,-Ub by site-directed mutagenesis. pcDNA3.1-Nefgz,-HA
was created by replacing mSer5-VN in pcDNA3.1-mSer5-VN-HA
with Nefy., via Xhol/EcoRI digestion. pcDNA3.1-S2-HA was cre-
ated by replacing glycoMA in pcDNA3.1-glycoMA-HA by S2
(GenBank™ accession number U01866) after digestion with
Xhol/BspEI The S2-HA fragment was also cloned into pEGFP-N1
to express S2-HA-EGFP via Kpnl/Agel digestion. S2 G2A, W10A,
S15A, E22A, and L26E mutations were created by site-directed
mutagenesis. pBJ5-mSer5-FLAG was created by replacing gly-
coMA-HA in pBJ5-glycoMA-HA with mSer5-FLAG via Xhol/
EcoRI digestion. pcDNA3.1-S2-VN-HA and pcDNA3.1-S2-
FLAG-VC were created from pcDNA3.1-mSer5-VN-HA and
pcDNA3.1-mSer5-FLAG-VC after Xhol/EcoRI or Xhol/BspEI
digestion via homologous recombination. pcDNA3.1-eSer5-
FLAG was created after cloning equine Ser5 (GenBank acces-
sion number XM_001503874) into pcDNA3.1 via HindIII/Agel
digestion. pCMV6-eSer5-FLAG was created by replacing
mSer5 in pCMV6-mSer5-FLAG with eSer5 by AsiSI/Mlul
digestion. pcDNA3.1-mSer5-FLAG or pcDNA3.1-hSer5-
FLAG was created by cloning mSer5 or hSer5 into pcDNA3.1
after HindIII/EcoRV digestion. Codon-optimized Ser5 from
X. tropicalis (GenBank accession number XM_002940195)
was synthesized and used to create pcDNA3.1-xSer5-FLAG
or pCMV6-xSer5-FLAG via HindIII/EcoRV or AsiSI/Mlul
digestion. pPCMV6-Ser5-xICL4-FLAG was created by replac-
ing mSer5 ICL4 (residues 342-391) with xSer5 ICL4 (resi-
dues 342-390) in pCMV6-mSer5-FLAG via homologous
recombination. Primers and cloning methods are available
upon request.
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Ser5 anti-HIV-1 and S2 counteractive activity measurement

293T cells were cultured in 6-well plates with initial density
of 5 X 10°/ml and transfected with 1 ug of pNLenCAT or
pNLenCAT-Xh, 1 ug of pNLnABS, or 1 pg of pBJ5-mSer5-
FLAG in the presence of pcDNA3.1-S2-HA. Viruses were col-
lected and quantified by p24<*¢ ELISA after 48 h of transfec-
tion. HIV-1 luciferase reporter TZM-bI cells were cultured in a
96-well plate and infected with viruses for 48 h. Cells were then
lysed with RIPA buffer (Sigma), and the viral infectivity was
determined from luciferase activities measured by the Bright-
Glo™ Luciferase Assay System (Promega).

Detection of Ser5 endocytosis

HeLa cells were plated in 3-cm dishes with initial density of
5 X 10°/ml and transfected with pBJ5-iFLAG-mSer5 and
pcDNA3.1-S2-HA vectors. After 24 h, cells were incubated
with anti-FLAG at 4 °C for 30 min. Cells were washed with PBS
and incubated with Dulbecco’s modified Eagle’s medium either
at 4 or 37 °C for 1 h. After being fixed with 4% paraformalde-
hyde and permeabilized with 0.1% Triton X-100, cells were
incubated with Alexa Fluor 488 — conjugated goat anti-mouse
antibodies for 1 h at room temperature. Cell nuclei were stained
with 6-diamidino-2-phenylindole (DAPI). A scanning confocal
microscope (Zeiss LSM880) was used to detect Ser5 internal-
ization, and the level of endocytosis was determined from the
frequency of the cells in which Ser5 was relocalized into cyto-
plasmic compartments.

Immunoprecipitation

To detect Ser5 interactions with viral proteins, 293T cells
were transfected with 0.5 ug of pCMV6-mSer5-FLAG and 12
g of pcDNA3.1 vectors expressing HA-tagged viral proteins.
After 24 h, cells were lysed with RIPA buffer, and proteins were
pulled down from the cytosolic fraction by anti-FLAG beads
(Sigma). Proteins in cell lysate (input) and pulldown samples
(IP) were analyzed by Western blotting.

Western blotting

293T cells were seeded and transfected according to
designed experiments. After 48 h of transfection, cells were
lysed with RIPA buffer. Proteins were then applied to SDS-
PAGE followed by transferring to polyvinylidene difluoride
membrane. After blocking with 5% milk, the membrane was
incubated with primary and secondary antibodies. The mouse
anti-HA, anti-FLAG, anti-actin, and HRP-conjugated anti-
FLAG monoclonal antibodies were purchased from Sigma. The
HRP-conjugated anti-HA was purchased from Roche Applied
Science. The rabbit anti-Rab5, -Rab7, and -Rab11 antibodies
were purchased from Cell Signaling Technology. The rabbit
anti-V5 was purchased from Invitrogen. HRP-conjugated anti-
mouse and -rabbit secondary antibodies were purchased from
Pierce. The HRP-conjugated anti-His, was purchased from
Proteintech.

Confocal microscopy

HeLa cells were transfected with the desired vectors and
incubated for 24 h. Cells were then washed with PBS and fixed
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with 4% paraformaldehyde. After permeabilizing with 0.1% Tri-
ton X-100 and blocking with 5% BSA, cells were incubated with
anti-HA or anti-FLAG overnight at 4 °C or 2 h at room tem-
perature followed by washing with PBS three times. Cells
were then incubated with Alexa Flour 488 — or Alexa Flour
647- conjugated secondary antibodies in 5% BSA for 1 h and
washed with PBS three times. Cell nuclei were stained with
DAPI, and fluorescence signals were analyzed using a confo-
cal microscope. At least 100 cells/dish were observed for
each experiment.

Flow cytometry

To detect Ser5 down-regulation from the cell surface by viral
proteins, 293T cells were transfected with pBJ5-iFLAG-mSer5
and pEGFP-N1 vectors expressing W or mutant S2 proteins.
After 48 h, cells were stained with allophycocyanin-conjugated
anti-FLAG (BioLegend), and levels of Ser5 expression on the
cell surface of EGFP-positive cells were analyzed by flow cytom-
etry. Alternatively, 293T cells were transfected with pcDNA3.1
vectors expressing HA-tagged S2, glycoMA, or Nef alone or
together with pBJ5-iHA-Ser5. After 48 h, levels of S2, glycoMA,
and Nef expression inside cells were measured by intracellular
staining with allophycocyanin-conjugated anti-HA (BioLeg-
end), and levels of Ser5 expression on the cell surface were
measured by cell surface staining with Pacific Blue— conjugated
anti-HA (BioLegend) followed by flow cytometry.

Statistical analysis

Microsoft Excel was used for statistical tests. Unpaired two-
tailed Student’s ¢ test was used to evaluate the significance of
differences between samples. In each group, S.E. was calculated
to estimate the variance from three experiments, with a repre-
sentative experiment being shown (*, p < 0.05; **, p < 0.01; ***,
p < 0.001; not significant, p > 0.05).
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