
An N-Glycosylated Form of SERINC5 Is Specifically
Incorporated into HIV-1 Virions

Shilpi Sharma,a Mary K. Lewinski,a,b John Guatellia,b

aDepartment of Medicine, University of California—San Diego, La Jolla, California, USA
bVA San Diego Healthcare System, San Diego, California, USA

ABSTRACT SERINC5 is an inhibitor of retroviral infectivity that is counteracted by
viral proteins, including HIV-1 Nef. Inhibition of infectivity by SERINC5 is associated
with its incorporation into virions. Nef counteracts this inhibition, presumably by re-
moving SERINC5 from sites of virion assembly at the plasma membrane. While eval-
uating the virion incorporation of SERINC5, we observed that a relatively high
molecular weight form was preferentially present in virions. We used various gly-
cosidases to establish that virion-associated SERINC5 is modified by N-linked,
complex glycans, whereas the majority of SERINC5 in cells is of relatively low
molecular weight and is modified by high-mannose glycans. Sequence alignment
of SERINC family proteins led us to identify a conserved N-glycosylation site,
N294, in SERINC5. We mutated this site to evaluate its effect on glycosylation,
the restrictive activity of SERINC5, and the sensitivity of SERINC5 to antagonism
by Nef. Our results demonstrate that N294 is the major site of N-glycosylation in
SERINC5. Although N-glycosylation was required neither for restrictive activity
nor for sensitivity to Nef per se, we observed a decrease in the steady-state ex-
pression of glycosylation-deficient SERINC5 (the N294A mutant) compared to the
wild-type protein. Expression of this mutant was partly restored by treatment of
cells with MG132 (a proteasome inhibitor) but not with bafilomycin A1 (a lyso-
somal inhibitor). We conclude that although not required for restrictive activity
or Nef sensitivity, N-linked glycosylation is important for maintaining the steady-
state expression of SERINC5 and that nonglycosylated SERINC5 is likely subjected
to a quality control mechanism that induces its proteasomal degradation.

IMPORTANCE SERINC5 is a member of a family of multipass transmembrane pro-
teins that inhibit the infectivity of retroviruses, including HIV-1. These proteins
are incorporated into virions and inhibit infection of target cells unless counter-
acted by viral antagonists such as HIV-1 Nef. The only other biological function
with which these proteins have been associated is the formation of serine-
containing membrane lipids. Here we show that SERINC5 is a glycosylated pro-
tein and that N-glycosylation is important for its steady-state expression. In the
absence of N-glycosylation, SERINC5 is prone to proteasomal degradation. None-
theless, N-glycosylation per se is required neither for the ability of SERINC5 to in-
hibit HIV-1 infectivity nor for its sensitivity to antagonism by Nef.
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The accessory proteins of primate lentiviruses have key roles in the counteraction of
host proteins and processes that are deleterious to viral replication (1, 2). Nef is

particularly important for pathogenesis in vivo (3–5). By coopting the vesicular traffick-
ing machinery of the cell, Nef downregulates various cell surface molecules, including
major histocompatibility complex class I (MHC-I) and CD4, thereby protecting infected
cells from clearance by cytotoxic T and NK cells (6–9). Nef-deficient viruses are also
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intrinsically less infectious than their Nef-encoding counterparts (10–14). This phenom-
enon remained unexplained until the discovery that SERINC proteins inhibit infectivity
and are counteracted and downregulated by Nef (15–17).

SERINCs belong to a conserved gene family in eukaryotes. These proteins have
10 or 11 predicted transmembrane domains, and they derive their name from their
first noted function, SERine INCorporator, as they were reported to play a role in the
incorporation of serine into membrane lipids (18). Unlike other known human
immunodeficiency virus (HIV) restriction factors, SERINCs are not interferon induc-
ible and hence can be categorized as a constitutive or intrinsic cellular defense.
SERINC5 (S5) and S3 are incorporated into virions and inhibit the efficiency of target
cell infection (16, 17). Nef from HIV-1 and simian immunodeficiency virus (SIV),
Glycogag from murine leukemia virus (MLV), and S2 from EIAV can each counteract
the restrictive activity of the SERINC proteins; this counteraction is associated with
a decrease in the cell surface expression of the SERINCs and a decrease in their
incorporation into the virions (15–17, 19).

The five known members of the human SERINC family share 17% amino acid identity
and have similar predicted topologies. However, they differ in the extent to which they
restrict HIV-1 infectivity and are susceptible to Nef. SERINC5 seems to be the most
potent restrictor and accounts for the majority of the Nef effect (at least in T cell lines);
in contrast, SERINC3 has modest restrictive activity, and SERINC2 is devoid of restrictive
activity (16, 17). The study of chimeras between the nonrestrictive SERINC2 and the
restrictive SERINC5 led to a partial mapping of SERINC5’s restrictive activity (20). While
the ability of SERINC5 to restrict HIV-1 infectivity is conserved among vertebrates,
sensitivity to Nef is not. The study of chimeras between the Nef-sensitive human
SERINC5 and Nef-resistant frog SERINC5 (from Xenopus tropicali) led to the identification
of a specific intracellular loop as a Nef-responsive determinant in SERINC5 (21).

The mechanism by which the SERINC proteins inhibit infectivity remains uncertain,
but the current model is that virion-associated SERINC affects virion-target cell fusion.
Since HIV-1 envelope glycoproteins (Envs) differ in their sensitivity to SERINC5 and
SERINC3, SERINCs seem likely to act directly on Env, perhaps by destabilizing the trimer
(22). SERINC5 renders HIV-1 particularly sensitive to neutralization by antibodies that
recognize the membrane proximal external region (MPER) of gp41, such as 4E10 and
10E8 (23); these results support the notion that the SERINCs can affect the conformation
of Env. Recent work has further suggested that SERINC5 affects the ability of virions to
form fusion pores with target cell membranes (22). Since the virion derives its envelope
lipids from the producer cell and SERINCs participate in the synthesis of serine-
containing lipids, these proteins could plausibly affect viral infectivity by modifying the
composition of the virion membrane; however, analysis of cellular and viral lipids in the
absence or presence of SERINC5 revealed no differences in lipid composition (24).

While studying the incorporation of human SERINC5 into HIV-1 virions, we observed
a difference in the apparent molecular weights of cellular SERINC5 (cS5) and virion-
incorporated SERINC5 (vS5). cS5 ran in denaturing polyacrylamide gels (SDS-PAGE) as
a doublet, with the major species running at a relatively low molecular weight (40 kDa)
and the minor species running at a relatively high molecular weight (55 kDa). In
contrast, vS5 consisted almost entirely of the high-molecular-weight 55-kDa form. We
hypothesized that the high-molecular-weight form was glycosylated and that glyco-
sylated SERINC5 was preferentially incorporated into virions. Using various glycosi-
dases, we confirm that S5 is an N-glycosylated protein and that this form is selectively
incorporated into virions. Sequence comparison of human SERINC proteins led to the
identification of a conserved N-linked glycosylation site: N294 in SERINC5. Mutational
analysis of this residue demonstrated that N-glycosylation is important for the steady-
state expression of SERINC5; in the absence of glycosylation, SERINC5 is prone to
proteasomal degradation. However, when wild-type SERINC5 and the N-glycosylation
mutant (N294A) are compared at equal expression levels, glycosylation is strictly
required neither for restrictive activity nor for counteraction by HIV-1 Nef.
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RESULTS
A high-molecular-weight form of SERINC5 is preferentially incorporated into

virions. Current models suggest that SERINC5 (S5) incorporates into HIV-1 virions to
inhibit infectivity and is excluded from virions by Nef. To study these phenomena, we
first determined the amount of plasmid for SERINC5 expression that was nonsaturating.
We transfected HEK293 Tet-On TRE-HIV-Δnef cells, which contain a nef-negative HIV-1
genome under the control of a doxycycline-inducible promoter, in a dose-response
format with the pBJ5-S5-iHA expression plasmid (encoding SERINC5 with a hemagglu-
tinin [HA] tag in an extracellular loop; 100 ng up to 1 �g), either with or without a Nef
expression plasmid (pCINL; 400 ng). After 24 h, the cells were treated with doxycycline
to induce viral gene expression. Eight hours later, whole-cell extracts (WCE) and virions
were prepared for analysis by immunoblotting. Figure 1A shows the expression levels
of SERINC5 in cells (cS5) and corresponding levels of virion-incorporated SERINC5 (vS5),
in the absence and presence of Nef. cS5 increased with the increasing amounts of
transfected plasmid; however, the signal saturated at the two or three highest plasmid
amounts (lanes 4 to 6 and 9 to 11 of the upper panels, which show the cells). Hereafter,
30 and 100 ng of S5 expression plasmids, which were nonsaturating amounts, were
used for transfections. In the absence of Nef, SERINC5 was incorporated into the virions
in a dose-dependent manner (lanes 8 to 11 of the lower panels, which show the
virions). The expression of Nef decreased virion incorporation of SERINC5 (lanes 3 to 6
of the lower panels), as has been shown previously by others (25, 26).

We observed that cS5 ran as a doublet, with the major band running at 40 kDa and
a minor band at 55 kDa. Surprisingly, the virion preparations revealed a different
scenario: virion S5 (vS5) migrated as a single species of approximately 55 kDa, which is
the size of the minor species of cS5. Apparently, the minor, higher-molecular-weight
species of cS5 is selectively incorporated into virions as vS5. Notably, while the 55-kDa
species of vS5 was modulated by Nef, Nef had little or no effect on either 40-kDa or
55-kDa cS5.

To generalize these observations to a system used more routinely to produce
infectious virions, we transfected HEK293 cells with either pNL43 (a proviral clone
encoding Nef) or pNL43ΔNef (an isogenic clone lacking an intact nef), either with or
without cotransfection of pBJ5-S5-iHA. Twenty-four hours later, the cells and virions

FIG 1 SERINC5 runs as a doublet in SDS-PAGE of whole cells, but the minor, high-molecular-weight species of that doublet is selectively
incorporated into virions and excluded by Nef. (A) HEK293 Tet-On TRE-HIV-ΔNef cells were transfected with increasing amounts (100, 350,
700, and 1,000 ng) of pBJ5-S5-iHA either with or without the addition of 400 ng of a Nef expression construct (pCI-NL). Twenty-four hours
later, the production of virions was induced by the addition of 0.5 �g/ml of doxycycline for 8 h, after which the cells and supernates were
harvested, processed, and immunoblotted for S5-iHA, Nef, p24 (capsid), and GAPDH. (B) HEK293 cells were transfected with 30 or 100 ng
of pBJ5-S5-iHA (or an empty vector control) together with 1.5 �g of either pNL43 or pNL43ΔNef. Twenty-four hours later, the cells and
supernates were harvested and immunoblotted as described for panel A. (C) SERINC3/5 double KO Jurkat-TAg cells were transfected with
either 30 or 100 ng of pBJ5-S5-iHA (or an empty vector control) together with 1.5 �g of either pNL43 or pNL43ΔNef. Forty-eight hours
later, the cells and supernates were processed and immunoblotted as described above.
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were isolated and immunoblotted as described above. As shown in Fig. 1B, cS5 was
again detected as a doublet (lanes 2 and 3 and lanes 5 and 6 of the upper panels, which
show the cells), with a major species of about 40 kDa and a minor species of 55 kDa.
Again, the major species in virions, vS5, migrates with an apparent molecular weight of
55 kDa (lanes 2, 3, 5, and 6 in the lower panels, which show the virions). This 55-kDa
species was relatively excluded from virions when Nef was expressed (compare NL4.3
to NL4.3ΔNef).

To ensure that these differences extended to T cells, we transfected SERINC3/5
double knockout (KO) Jurkat TAg cells with pBJ5-S5-iHA, again together with either
pNL43 or pNL43ΔNef, and performed immunoblotting for cS5 in whole-cell extracts
and vS5 in virion pellets obtained after partial purification through a sucrose cushion.
As seen in Fig. 1C, the lower-molecular-weight species was again the most abundant in
WCEs (lanes 2, 3, 5, and 6 in the top panels, which show the cells), while the
higher-molecular-weight species was selectively incorporated into virions and was
relatively excluded from virions by Nef (lanes 2, 3, 5, and 6 in the lower panels, which
show the virions). In summary, three different experimental systems, including one that
is T cell line-based, all indicate that a high-molecular-weight SERINC5 species is
selectively incorporated into virions.

SERINC5 is modified by N-linked complex glycans. We hypothesized that the
high-molecular-weight form of SERINC5 is a consequence of a posttranslational
modification, specifically glycosylation. To determine whether the observed species
of SERINC5 were differentially glycosylated, we treated virion-incorporated SERINC5
(vS5) obtained from the doxycycline-inducible HIV expression system with various
glycosidases (Fig. 2A, top panel). To maximize the amount of vS5, Nef was not
coexpressed. Virion proteins were treated with endoglycosidase H (Endo-H), PNGase F,
O-glycosidase, and neuraminidase (sialidase). Endo-H removes high-mannose glycans,
which are added to proteins in the endoplasmic reticulum (ER). Subsequent trimming
and addition reactions in the Golgi body yield complex glycans, which are resistant to
Endo-H. PNGase F removes most N-linked glycans, whereas O-glycosidase removes
O-linked glycans (glycans attached to serines and threonines) if they are not modified
by sialic acid. We observed minimal decrease in the apparent molecular weight of vS5
treated with Endo-H (lanes 3 and 4) and essentially no change after treatment with
O-glycosidase (lanes 7 and 8). We observed a small decrease in the apparent molecular
weight of vS5 after treatment with neuraminidase, which removes terminal sialic acids
(lanes 9 and 10). The most dramatic effect was caused by treatment with PNGase F
(lanes 5 and 6). Compared to the untreated sample (lane 5), the PNGase F-treated S5
was reduced to �40 kDa in apparent molecular weight (lane 6), probably reflecting the
size of the fully deglycosylated protein. These results indicate that 55-kDa vS5 is
N-glycosylated and that the majority of the glycans are complex (insensitive to Endo-H).
To independently assess these glycosidase reactions, we reprobed the virion blots for
HIV-1 Env using an antibody to gp120 (Fig. 2A, bottom panel). gp120 was highly
sensitive to PNGase F and partly sensitive to Endo-H, consistent with the presence of
high-mannose glycans (27). Neuraminidase also caused a minor decrease in the appar-
ent molecular weight of gp120, while O-glycosidase caused a paradoxical increase in
apparent molecular weight, an effect that was reproducible and suggests that gp120 is
probably modified by O-linked glycans. With the possible exception of the effect of
O-glycosidase, these results are largely consistent with the known glycosylation status
of gp120 and support the validity of the data with respect to SERINC5 (27).

We confirmed glycosylation using virions produced from HEK293 cells and SERINC3/5
double KO Jurkat TAg cells. As shown in Fig. 2B and C, vS5 from both these expression
systems was sensitive to PNGaseF, confirming that the high-molecular-weight, virion-
associated form of SERINC5 is N-glycosylated. We also treated WCEs of HEK293 cells
expressing S5 (i.e., cS5) with Endo-H and PNGase F (Fig. 2D). Treatment with Endo-H
decreased the apparent molecular weight of the lower-molecular-weight form of cS5
but not the higher form, indicating that the lower form contains high-mannose glycans,
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while the higher form contains complex glycans (compare lane 1 with lane 3). Treat-
ment with PNGase F yielded essentially one species of under 40 kDa (lane 4). In
summary, these data indicate that SERINC5 is modified by N-glycosylation; the data also
indicate that the predominant lower-molecular-weight form found in transfected cells
contains high-mannose glycans, while the higher-molecular-weight form found in
virions contains complex glycans.

SERINC5 is glycosylated at residue N294. To identify potential N-linked glyco-
sylation sites in SERINC5, we analyzed the SERINC5 amino acid sequence using Net-
NGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/). Two potential sites were identi-
fied: N113 and N294. According to the TOPCONS simulated topological model (http://
topcons.cbr.su.se) (28), N113 is within intracellular loop 2 of SERINC5, whereas N294 is
present in extracellular loop 7. Residue N294 is also very close to the site (290E-291H)
within which insertion of an HA tag in pBJ5-S5-iHA renders SERINC5 detectable at the
cell surface by flow cytometry (17), further supporting the notion that this residue is
extracellular. To assess the extent of conservation of this glycosylation site in other
SERINC family members, we aligned the primary sequences of all five human SERINC
family members (Uniprot IDs: S1, Q9NRX5-1; S2, Q96SA4-1; S3, Q13530-1; S4, A6NH21-1;
S5, Q86VE9-4). Figure 3A depicts a part of the sequence alignment, highlighting the
potential N-linked glycosylation motifs. Each SERINC protein contains a potential site
for N-glycosylation in this region (sequence NxS/T; underlined) (Fig. 3A).

We mutated N294 in SERINC5 to evaluate both its role in glycosylation and the
functional significance of this modification. We expressed the (N294A)S5-iHA mutant in

FIG 2 SERINC5 is N-glycosylated: the higher-molecular-weight species in virions contains complex
glycans, while the lower-molecular-weight species that predominates in transfected cells contains
immature, high-mannose glycans. (A) HEK293 Tet-On TRE-HIV1-ΔNef cells were transfected with either
pBJ5-S5-iHA or an empty vector. Twenty-four hours later, the cells were treated with 0.5 �g/ml of
doxycycline for 8 h to induce virus production. The virion pellets obtained by centrifugation through 20%
sucrose cushions were suspended in 1� TCEP reducing buffer and then treated with the indicated
glycosidases at 37°C for 1 h. The reaction products were first immunoblotted for SERINC5 (HA; top panel),
and then the membrane was stripped and reprobed with anti-gp120 (bottom panel). The star indicates
a nonspecific band. (B) HEK293 cells were transfected with 100 ng of pBJ5-S5-iHA and 1.5 �g of
pNL43ΔNef; 24 h later, the cells and virions were isolated as described above. The virions were treated
with PNGase F (or not) for 1 h at 37°C and immunoblotted for SERINC (HA). (C) SERINC3/5 double KO cells
were transfected with pNL43ΔNef and 100 ng of pBJ5-S5-iHA. Virions were isolated as described above.
The virions were treated with PNGase F as described for panel A and immunoblotted for SERINC5 (HA).
(D) The cells from the experiment shown in panel B were suspended in 1� TCEP reducing buffer, and
whole-cell extracts were prepared as described in Materials and Methods. An aliquot of the whole-cell
extracts was treated with endoglycosidase H (Endo-H) or PNGase F for 1 h at 37°C. The “input” is
untreated lysate left at 4°C. The reaction products were blotted for SERINC5 (HA).
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HEK293 Tet-On TRE-HIV-ΔNef cells and in HEK293 cells together with pNL43ΔNef. After
partially purifying the virions, we treated the virion proteins with PNGase F (Fig. 3B).
Untreated (N294A)S5-iHA protein migrated in SDS-PAGE at a size similar to that of the
PNGase F-treated wild-type protein (compare lane 4 with 3 and lane 10 with 9). In
contrast to the wild-type protein, treatment with PNGase F did not affect the migration
of the (N294A)S5-iHA in SDS-PAGE (compare lanes 4 and 5 and lanes 10 and 11),
indicating a lack of N-linked glycosylation and suggesting that N294 is the primary if
not the sole site of N-linked glycosylation in SERINC5. To provide further evidence of
glycosylation at this site, we treated wild-type S5-iHA- and (N294A)S5-iHA-expressing
cells with brefeldin A, which blocks the transport of proteins from the ER to the Golgi
complex. As shown in Fig. 3C, brefeldin A caused loss of the higher-molecular-weight
species (compare lane 5 with lane 7) in the case of wild-type SERINC5, supporting the
notion that this species contains complex glycans that are added in the Golgi complex.
Again, the higher-molecular-weight species was not detected when the N294A mutant
was expressed. Notably, we observed an increase in the band density of (N294A)S5-iHA

FIG 3 SERINC5 is glycosylated at residue N294. (A) Multiple-sequence alignment of the human SERINC family members using
Clustal Omega software. The sequences were obtained from Uniprot (www.uniprot.org). The consensus asparagine (N) residue
is within the underlined N-glycosylation motif (NxS/T). (B) Asparagine 294 (N294) of S5-iHA was mutated to alanine.
pBJ5-S5-iHA (100 ng) and the pBJ5-(N294A)S5-iHA (100 ng) were used to transfect HEK293 Tet-On TRE-HIV-ΔNef cells that were
treated with doxycycline to induce viral gene expression as described for Fig. 1A; alternatively, the same constructs were used
to transfect HEK 293 cells together with pNL43ΔNef. The supernates were harvested and processed to obtain virions. The virion
preparations were treated with PNGase F or with O-glycosidase as indicated. (C) HEK293 cells were transfected to express
wild-type S5-iHA (30 ng of pBJ5-S5-iHA) or (N294A)S5-iHA [100 ng of pBJ5-(N294A)S5-iHA] without any proviral DNA. The cells
were either left untreated or treated with DMSO or brefeldin A in DMSO for 4 h, after which they were harvested, and the cell
lysates were immunoblotted for SERINC (HA).
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after treatment of the cells with brefeldin A (compare lane 6 with lane 8), suggesting
possible stabilization of the mutant protein under these conditions.

Lack of N-glycosylation decreases the steady-state expression of SERINC5 but
does not affect intrinsic restrictive activity or sensitivity to Nef. Since the glyco-

sylated form of SERINC5 is preferentially incorporated into virions, we asked whether
glycosylation is required for either the restrictive activity of SERINC5 or for its sensitivity
to Nef. We expressed wild-type S5-iHA and (N294A)S5-iHA in HEK293 cells together
with either pNL43 or pNL43ΔNef and measured virion infectivity using HeLa-P4.R5
indicator cells in an infectious center assay. The infectivity of each virion preparation
was measured as described previously (29), and the number of infectious centers was
normalized to the concentrations of p24 capsid antigen measured by enzyme-linked
immunosorbent assay (ELISA) (Fig. 4A). HEK293 cells express endogenous SERINCs, and
nef-negative virions are 2- to 5-fold less infectious than wild-type virions in our
experience, even in the absence of expression of exogenous SERINC (data not shown).
To attribute restrictive activity and counteraction by Nef only to the SERINC5 expressed
experimentally by transfection, we calculated the infectivity of each sample relative to
the “no exogenous SERINC5” control for each viral genotype, i.e., we set the infectivity
of both the wild-type and nef-negative virion preparations in the absence of exogenous
SERINC5 to 1.0. Wild-type S5-iHA and (N294A)S5-iHA restricted the infectivity of ΔNef
virions similarly at both amounts of plasmids tested (30 and 100 ng). On the other hand,
(N294A)S5-iHA appeared more sensitive to Nef; i.e., the infectivity of wild-type (Nef-
positive) virion preparations was higher when (N294A)S5-iHA was expressed than when
wild-type SERINC5 was expressed.

We considered that the apparently greater Nef sensitivity of (N294A)S5-iHA might
be due to its relatively lower expression (as seen in Fig. 4B). When we compared datum
points at which similar amounts of SERINC5 were expressed (boxes in Fig. 4A and
corresponding color-coded stars in Fig. 4B), the Nef sensitivity of (N294)S5-iHA and that
of wild-type S5-iHA appeared similar. Figure 4B shows an immunoblot of the cells and
virions in a representative experiment. (N294A)S5-iHA was expressed less efficiently
than the wild-type SERINC5 (compare lanes 5 and 6 with lanes 9 and 10), suggesting
that lack of glycosylation destabilizes the protein. Despite its relatively low expression
and lack of glycosylation, (N294A)S5-iHA was incorporated into virions (lane 9 and 10)
and was relatively excluded from virions by Nef (lanes 7 and 8); similar effects were
detected in the case of wild-type SERINC5, which as before migrated at relatively high
apparent molecular weight (lanes 2, 3, 5, and 6).

We used flow cytometry to measure the expression of (N294A)S5-iHA on the surface
of the virion producer cells, which were identified by their expression of Env at the cell
surface (Fig. 4C and D). (N294A)S5-iHA was less well expressed at the cell surface than
wild-type S5-iHA, consistent with its decreased expression as detected at the whole-cell
level by immunoblotting. Both (N294A)S5-iHA and the wild-type S5-iHA were down-
regulated by Nef, consistent with their similar Nef sensitivity in the infectivity assays.

To confirm that the intrinsic sensitivity of Serinc5 to Nef is not markedly dependent
on glycosylation, we used an extended dose-response format [10, 30, 100, and 300 ng
of plasmid expressing either wild-type S5-iHA or (N294A)S5-iHA; Fig. 5]. Figure 5A
shows the range of S5-iHA expression levels in cell lysates from a representative
experiment, and the bar graph in Fig. 5B shows the SERINC-HA band intensities
quantified by densitometry and normalized to the loading control GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) band from virion producer cells from three
independent experiments. For Fig. 5C, instead of graphing infectivity versus the
amount of plasmid (as we did in Fig. 4A), we graphed the infectivity versus the loading
control-normalized band intensity for SERINC-HA in the immunoblot of the virion
producer cells from three independent experiments. Using nonlinear regression anal-
ysis, we fit semilog curves to the data sets and compared the slopes using the extra
sum-of-squares F test (GraphPad Prism 7.0), which indicated that the S5-iHA and
(N294A)S5-iHA slopes were not significantly different (P � 0.8238). These data suggest
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that the activities of wild-type S5-iHA and (N294A)S5-iHA proteins are similar against
virions produced in the presence of Nef.

MG-132 but not bafilomycin A1 partially rescues the expression of (N294A)-
S5iHA. Since the (N294A)S5-iHA mutant was expressed relatively poorly, we hypothe-
sized that glycosylation might contribute to the stability of SERINC5. To test this,
(N294A)S5-iHA or wild-type S5-iHA was expressed by plasmid transfection in HEK293
cells in the presence or absence of a proteasomal inhibitor (MG-132) or a lysosomal
inhibitor (bafilomycin A1). The transfected cells were treated with the inhibitors for 4 to

FIG 4 The nonglycosylated (N294A)S5-iHA is expressed at steady state relatively less efficiently, but its restrictive activity and sensitivity to Nef are intrinsically
similar to those of the wild-type protein. Zero, 30, or 100 ng of pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA was used to transfect HEK293 cells together with 1.5 �g
of pNL43 or pNL43ΔNef proviral plasmids. Twenty-four hours after transfection, the cells and virions were isolated for measurement of infectivity,
immunoblotting, and flow cytometry. (A) Virion infectivity. After partial purification through a 20% sucrose cushion, virions were used to infect HeLa P4.R5
indicator cells for 48 h. The infectious centers were developed using X-Gal and then counted using image analysis software. The data were normalized to p24
content as determined by ELISA. The relative infectivity was calculated by dividing the infectious centers/p24 for each sample by the corresponding no-SERINC5
control for each viral genotype (wild type or Δnef), which was set for each virus at 1.0. The magenta and blue boxes in the infectivity data indicate the conditions
under which the expressions of the wild-type S5-iHA and (N294A)S5-iHA mutant were similar (also indicated by similar-color-coded stars in panel B). Individual
datum points shown are the averages from two fully independent experiments; within each experiment, each datum point was derived from duplicate
measurements of both infectious centers and p24 concentration. The error bars indicate plus and minus 1 standard deviation. (B) Exclusion of S5 from virions
by Nef. Cells and virions from one of the experiments used to generate the data shown in panel A were analyzed by immunoblotting for the indicated proteins.
(C) Flow cytometric analysis of SERINC5 surface downregulation. The virion producer cells from one of the experiments used to generate the data in panel A
were stained with anti-HA antibody to detect surface SERINC5 expression and with 2G12 antibody (anti-HIV-1 gp120) to detect the Env glycoprotein on the
cell surface, identifying virus-expressing cells. Two color plots of Env versus SERINC5 intensities are shown with the percentage of cells in each quadrant
indicated. (D) Flow cytometric data from two independent experiments, including the data shown in panel C. The cells expressing Env were gated, and the mean
fluorescence intensities (MFIs) of the SERINC5-iHA strains were determined using FlowJo software and then plotted using GraphPad Prism software; error bars
are plus/minus the standard deviation.
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6 h before analysis of WCEs by Western blotting (Fig. 6). We observed that MG-132, but
not bafilomycin A1, partially rescued the expression of (N294A)S5-iHA. Notably, the
expression of wild-type SERINC5 was not substantially increased by either MG-132 or
bafilomycin A1, suggesting that wild-type protein is rapidly degraded by neither the
proteasome nor the lysosome. These results regarding (N294A)S5-iHA suggest that the
absence of glycosylation destabilizes SERINC5, potentially due to improper folding that
renders the protein susceptible to an ER-based quality control mechanism and leads to
proteasomal degradation.

FIG 5 Extended dose-response experiment evaluating the sensitivity to Nef of nonglycosylated
(N294A)S5-iHA as a function of protein expression. Zero, 10, 30, 100, or 300 ng of pBJ5-S5-iHA or
pBJ5-(N294A)S5-iHA was used to transfect HEK293 cells together with 1.2 �g of pNL43 or pNL43ΔNef
proviral plasmids. Twenty-four hours after transfection, the cells and virions were isolated for immuno-
blotting and measurement of infectivity. (A) Immunoblot showing the expression of wild-type S5-iHA
and (N294A)S5-iHA after transfection of cells with the indicated amounts of plasmids. (B) The expression
of S5-iHA, (N294A)S5-iHA, and GAPDH was quantified using Image Lab software (Bio-Rad). The band
intensities for HA in the immunoblots were normalized to GAPDH and plotted using GraphPad Prism 7.0
software. The 300 ng pBJ5-S5-iHA condition was excluded due to image saturation. The bar graph
represents data from three independent experiments; error bars are the standard deviations. (C) Viral
infectivity (infectious centers/p24 relative to the no-SERINC5 control) was measured as described in the
legend of Fig. 4A but is graphed versus the GAPDH-normalized band intensity for SERINC 5-HA. Data are
from three independent experiments (shown using different symbols: circle, square, or triangle); within
each experiment, each datum point was derived from duplicate measurements of infectious centers and
p24 concentration and a single measurement of SERIN5-iHA band intensity. Data for the 300 ng wild-type
S5-iHA were excluded due to image saturation. Best-fit trend lines are shown for NL43 with either
wild-type S5-iHA (pink line) or (N294A)S5-iHA (blue line). Trend lines were generated using nonlinear
regression analysis with the least-squares method fitting to semilog lines. The slopes of the two lines
were compared using the extra sum-of-squares F test (GraphPad Prism 7.0) and were not significantly
different (P � 0.82).
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The subcellular localizations of wild-type and N294A SERINC5 are similar.
Mutation of glycosylation sites can lead to protein retention and degradation in the ER
(30, 31). To evaluate whether (N294A)S5 is retained in the ER relative to the wild-type
protein, we transfected HeLa P4.R5 cells to express wild-type S5-iHA or (N294A)S5-iHA,
and the subcellular distributions of the proteins were evaluated using immunofluores-
cence microscopy (Fig. 7). We used a relatively small amount of plasmid to minimize
potential artifacts of overexpression. S5-iHA and (N294A)S5-iHA were similarly distrib-
uted: each concentrated around the nucleus and distributed diffusely throughout the
cytoplasm, consistent with localization to the nuclear envelope and the ER, and to a
lesser extent the plasma membrane. (N294A)S5-iHA was not appreciably retained in the
ER relative to the wild-type protein, consistent with its detection at the cell surface and
in virions.

DISCUSSION

SERINCs are multipass transmembrane proteins that restrict retroviral infectivity.
One family member, SERINC5, appears to account for the majority of the effect of the
viral Nef protein on the infectivity of HIV-1: by counteracting SERINC5, Nef enhances
virion infectivity. SERINC5 and its antiretroviral activity are well conserved among
eukaryotes. Remarkably, even SERINC5 from frogs inhibits the infectivity of HIV-1 (21).

FIG 6 MG-132, rather than bafilomycin A1, partially rescues the steady-state expression of (N294A)S5-
iHA. (A) HEK293 cells were transfected with either 50 ng of pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA.
Twenty-four hours after transfection, the culture medium was changed to include MG-132 (a proteasome
inhibitor) or bafilomycin A1 (a lysosome inhibitor) at the indicated concentrations for 4 to 6 h. The cells
were harvested, suspended in 1� TCEP reducing buffer, sonicated, and immunoblotted for SERINC5 (HA)
and GAPDH. (B) The experiment shown in panel A was repeated, and the band intensities for S5-iHA and
(N294A)S5-iHA from both experiments were quantified using ImageLab software (Bio-Rad). The values for
the SERINC proteins were normalized to GAPDH and plotted using GraphPad Prism software; error bars
are the standard deviations. The expression of wild-type S5-iHA and (N294A)S5-iHA in the presence of
DMSO only were each set to 1.0.
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In addition to HIV-1 Nef, SERINC5 antagonists include glycoGag of murine leukemia
virus and S2 of equine infectious anemia virus. Current evidence suggests that SERINC5
acts in virions to inhibit virion-target cell fusion, and the viral antagonists appear to
decrease the incorporation of SERINC5 into virions via a mechanism related to clathrin-
and AP2-mediated SERINC5 endocytosis. Here we observed that a mature, glycosylated
form of SERINC5 is selectively incorporated into HIV-1 virions, but glycosylation is not
required for intrinsic restrictive activity or for sensitivity to Nef.

Our data indicate that SERINC5 is modified by the addition of complex glycans at
essentially a single site, N294. This mature, glycosylated form is nearly the only form
found in virions when wild-type SERINC5 is expressed, presumably because it is the
form that reaches the plasma membrane. A smaller, immature form modified by
high-mannose glycans is instead the predominant form of SERINC5 detected in cells.
Importantly, although detected in cells of the T lymphoid line Jurkat as well as in
HEK293 cells, the predominance of the high-mannose form in cellular SERINC5 might
be a consequence of an overexpression condition associated with transient transfec-
tion. A similar situation was observed in the case of restriction factor BST-2 (tetherin),
and conclusions regarding the mechanism of antagonism by Vpu based on detection
of the high-mannose form that dominates transfected HEK293 cells (proteasomal
degradation) were not the same as those based on detection of the mature, endoge-
nous protein (endolysosomal trafficking and degradation) (26, 32–34). Unfortunately,
we are unaware of reagents that enable detection of the endogenous SERINC proteins.
Nonetheless, distinguishing the mature from the immature glycosylated forms of
SERINC5 is likely to be important in mechanistic studies of Nef and other viral antag-
onists. For example, a recent study suggests that Nef induces lysosomal degradation of
SERINC5 (35, 36). Such degradation might be most apparent when measuring the
mature, 55-kDa, post-ER form of the protein, rather than when measuring the 40-kDa,
immature, high-mannose form. In this regard, our data do not show evidence of a
Nef-mediated decrease in the 55-kDa mature form of SERINC5 at the whole-cell level
(Fig. 1A). Instead, at least when Nef was expressed from a proviral plasmid introduced
by transfection, we observed a paradoxical increase in the immature, high-mannose
form of SERINC5 (Fig. 1B and C and 4A).

We observed that the glycosylation-deficient SERINC5 mutant, (N294A)S5-iHA, was
expressed relatively poorly at steady state relative to the wild-type protein, a condition
that could be partly reversed by inhibiting the proteasome. These observations are
consistent with the roles of glycosylation in protein folding and quality control at the
ER and in protein trafficking (30). For example, mutational loss of N-linked glycosylation
in the case of the ATP-binding cassette transporter, ABCA3, is associated with a
decrease in protein expression that is reversed by inhibition of the proteasome; these
effects are reminiscent of our data regarding SERINC5 (31). Notably, the glycosylation

FIG 7 Subcellular localization of wild-type SERINC5 and (N294A)SERINC5. HeLa P4.R5 cells were transfected
with 25 ng of either pcDNA, pBJ5-S5-iHA, or pBJ5-(N294A)S5-iHA. The next day, the cells were fixed,
permeabilized, and stained with mouse anti-HA IgG followed by rhodamine-X-conjugated donkey anti-
mouse IgG. Images were acquired on a wide-field fluorescence microscope (Olympus) as a z-series and
processed by a nearest-neighbor deconvolution algorithm using SlideBook version 4.1 software. A midcell
single plane was exported, and the final images were assembled and adjusted identically using Adobe
Photoshop software.
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mutant of ABCA3 was partially retained in the ER. Increased ER retention of (N294A)S5-
iHA relative to the wild-type protein is not obvious in our immunofluorescence data,
and the mutant reaches the plasma membrane as measured by flow cytometry and as
assessed by its ability to incorporate into virions. Nonetheless, a modest degree of ER
retention could occur.

Finally, we observed that in comparison to the wild-type protein, the (N294A)S5-iHA
mutant was similarly active at restricting infectivity, and it was similarly sensitive to
antagonism by HIV-1 Nef. Our assessments of sensitivity to Nef included measurements
of virion infectivity, Nef-mediated downregulation of SERINC5 from the cell surface, and
Nef-mediated exclusion of SERINC5 from virions. Our conclusion that the virologic
effect of SERINC5 is independent of glycosylation requires careful assessment of protein
expression. At face value, i.e., without consideration of the differences in expression,
our initial plasmid dose-response data could be interpreted as showing that (N294A)S5-
iHA restricts infectivity as well as the wild-type protein, but it is relatively more sensitive
to Nef. Conceivably, in experiments in which exogenous SERINCs are expressed, the
dynamic range of restriction might be different from the dynamic range of Nef
responsiveness. These considerations warrant careful assessment of protein expression
and dose-response effects in quantitative virologic assays designed to measure the
properties of SERINC proteins.

MATERIALS AND METHODS
Plasmids, cells, and reagents. Proviral plasmids pNL43 and pNL43ΔNef were described previously

(37, 38). The pBJ5-SERINC5-iHA (pBJ5-S5-iHA) plasmid encodes an internal HA tag inserted between
residues 290 and 291 and was the kind gift of Heinrich Gottlinger (17). The N294A mutation was
introduced into pBJ5-S5-iHA using the QuikChange site-directed mutagenesis kit (Agilent Technologies),
yielding pBJ5-(N294A)S5-iHA, and was verified by Sanger sequencing (Genewiz). The Nef expression
plasmid, pCINL, has been described previously (39).

HEK293 Tet-On TRE-HIV oNef cells, HEK293 cells containing a doxycycline-inducible HIV-1 genome
lacking nef and constitutively expressing CD4, have been described (40); these cells were maintained in
Tet-Free Dulbecco’s modified Eagle medium (DMEM plus 10% Tet-free fetal bovine serum [FBS] and
penicillin-streptomycin [P/S] with 1 �g/ml puromycin, 200 �g/ml G418, and 200 �g/ml Zeocin). HEK293
cells and HeLa P4.R5 cells were maintained in complete DMEM (DMEM with 10% FBS and P/S). SERINC3/5
double KO JTAg cells containing clustered regularly interspaced short palindromic repeat(s) (CRISPR)-
disrupted open reading frames (ORFs) for SERINC3 and 5 were the kind gift of Heinrich Gottlinger (17)
and were maintained in complete RPMI (RPMI with 10% FBS and P/S).

Mouse anti-HA (clone 16B12) and brefeldin A were obtained from BioLegend; sheep anti-gp120 was
obtained from the NIH-AIDS Reagent Program (25, 41); mouse anti-p24 was obtained from Millipore;
sheep anti-Nef was a gift from Celsa Spina; mouse anti-GAPDH was obtained from GeneTex; mouse
anti-tubulin was obtained from Sigma; and DNA-In Jurkat transfection reagent was from MTI-GlobalStem.
The glycosidases were obtained from NEB. Tris(2-carboxyethyl)phosphine (TCEP), dimethyl sulfoxide
(DMSO), and bafilomycin A1 were obtained from Sigma. MG-132 was obtained from Cell Signaling, and
Lipofectamine 2000, PageRuler prestained protein ladder, and PageRuler Plus prestained protein ladder
were obtained from Thermo Fisher.

Transfections. HEK293 cells were seeded at a density of 150,000 cells/ml/well in 12-well plates. They
were transfected with the indicated amounts of pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA expression plasmid
along with 1.5 �g of proviral plasmids pNL43 or pNL43ΔNef using Lipofectamine 2000 according to the
manufacturer’s protocol. Twenty-four hours later, the cells and supernatants were harvested. HEK293
Tet-On TRE-HIV-ΔNef cells were seeded at a density of 150,000 cells/ml/well in 12-well plates and were
transfected with pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA plasmids either with or without the Nef expression
plasmid pCINL. Twenty-four hours after transfection, the cells were treated with 0.5 �g/ml of doxycycline
for 8 h, after which the cells and supernates were collected. SERINC3/5 double KO JTAg cells were seeded
at a density of 400,000 cells/well in 6-well plates and were transfected with pBJ5-S5-iHA or pBJ5-
(N294A)S5-iHA plasmids along with 1.5 �g of proviral plasmids pNL43 or pNL43ΔNef using DNA-In Jurkat
transfection reagent according to the manufacturer’s protocol. Cells and supernates were harvested after
48 h.

Preparation of samples for immunoblotting. The cells from each well of 12-well plates were
harvested, washed once with cold phosphate-buffered saline (PBS), suspended directly in 200 to 250 �l
of 1� TCEP reducing buffer (50 mM Tris-HCl, 2% SDS, 10% glycerol, 50 mM TCEP, bromophenol blue),
and either stored at �80°C or processed directly. To avoid aggregation of SERINC5, the cell lysates were
not boiled; instead, the DNA was sheared by sonication (5 cycles of 20-s pulse followed by 90-s rest at
4°C using a Bioruptor [Diagenode]). The cell lysates were vortexed for 10 s prior to loading on the gel.
For virion purification, the culture supernates were clarified of cells and debris by centrifugation at 400 �
g. To avoid contamination from cell debris, only the upper 85% of the supernatant was carefully removed
and layered over a 20% sucrose cushion and centrifuged at 23,500 � g for 1 h at 4°C. The supernates
were aspirated, and the virion-containing pellet was suspended in 25 �l of 1� TCEP reducing buffer and
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loaded onto the gel after vortexing for 10 s (without any sonication). The cell lysates and viral pellets
were resolved on 10%, 1-mm-thick, denaturing SDS-PAGE gels, transferred onto polyvinylidene difluoride
(PVDF) membranes, immunoblotted with the indicated antibodies, and visualized using Western Clarity
detection reagent (Bio-Rad). Chemiluminescence was detected using ChemiDoc Imager (Bio-Rad) and
quantified using Bio-Rad Image Lab v5.1 software. Primary and secondary antibodies were prepared in
antibody dilution buffer, consisting of 2% milk in PBST (PBS with 0.02% Tween 20), as follows: 1:1,000 for
mouse anti-HA; 1:500 for mouse anti-p24; 1:3,000 for sheep anti-Nef; 1:3,000 for sheep anti-HIV-1 gp120;
1:5,000 for mouse anti-GAPDH; 1:1,000 for mouse antitubulin; 1:5,000 for horseradish peroxidase (HRP)-
conjugated anti-mouse and anti-sheep secondary antibodies.

Infectivity assays. HEK293 cells were transfected with 1.5 �g of pNL43 or pNL43ΔNef proviral
plasmids either with or without 30 or 100 ng of pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA expression plasmids.
For the extended dose-response experiments using 10, 30, 100, or 300 ng of S5 expression plasmids, 1.2
�g of pNL43 was used. The next day, the transfected HEK293 cells were harvested for immunoblot
analysis as described above and for flow cytometry as described below. The culture supernates were
clarified by centrifugation at 400 � g, and the clarified supernates were layered over 20% sucrose
cushions and centrifuged at 23,500 � g for 1 h at 4°C in duplicate. One set of the virion pellets was
suspended in 1� TCEP reducing buffer and used for immunoblotting, while the other set was suspended
in complete DMEM and serial dilutions were used to infect CD4-positive HeLa P4.R5 indicator cells in
duplicate, which were seeded in 48-well plates at a cell density of 20,000 cells/well. An aliquot of the
DMEM-suspended virions was used for p24 ELISA (ABL). After 48 h, infectivity was measured by
enumerating infectious centers in the cultures of the HeLa P4.R5 indicator cells (29): the cells were fixed
with 1% formaldehyde and 0.2% glutaraldehyde for 5 min at room temperature and then stained with
4 mM potassium ferrocyanide, 4 mM potassium ferricyanide, 2 mM MgCl2, and 0.4 mg/ml X-Gal
(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) for 6 h or overnight. After washing and air drying the
wells, the blue cells representing the infectious centers were counted using image analysis software (29).
The number of infectious centers was normalized to the content of p24 antigen. Since HEK cells support
a nef phenotype even in the absence of exogenous SERINC expression (10, 14), we further normalized the
data (expressed initially as infectious centers per nanogram of p24) to the corresponding “nontransfected
SERINC5” control for each viral genotype (wild type or Δnef). In the extended dose-response experiments,
the normalized infectivity values were graphed versus the intensity of the bands for the SERINC proteins
measured in the virion producer cells.

Flow cytometry. Transfected HEK293 cells were washed with cold PBS and stained with 10 �g/ml of
2G12 (anti-HIV1 gp120) together with a 1:200 dilution of mouse anti-HA (to detect SERINC5-iHA;
BioLegend) for 40 min at 4°C, before washing with cold PBS and staining with 1:500 dilution of
phycoerythrin (PE)-conjugated anti-mouse IgG (BioLegend) and 1:500 AF647-conjugated anti-human IgG
(Jackson ImmunoResearch) for 30 min at 4°C in the dark. After washing twice with PBS, the cells were
fixed with 2% paraformaldehyde in PBS, and the data were collected on a BD Accuri flow cytometer and
analyzed using FlowJo (Treestar).

Deglycosylation of SERINC5. To produce virions, HEK293 or SERINC3/5 double KO JTAg cells were
transfected with pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA expression plasmids together with 1.5 �g of
pNL43ΔNef proviral plasmid. Alternatively, HEK293 Tet-On TRE-HIV-ΔNef cells were transfected with
pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA expression plasmids, and viral gene expression was induced with
doxycycline. Virions were partially purified as described above. Virion pellets were suspended in 1� TCEP
reducing buffer and were treated with various glycosidases (NEB). The deglycosylation reactions were
carried out according to the manufacturer’s instructions with minor modification: after the addition of
10� glycoprotein denaturing buffer, the samples were not heated (to avoid aggregation of SERINC5) but
were instead left at room temperature for 10 min before addition of the remaining reaction components.
For a typical PNGase F reaction, 1 �l of 10� denaturing buffer was added to 6 �l of TCEP-suspended
virions. The mixture was incubated at room temperature for 10 min, followed by the addition of 1 �l of
10� Glyco 2 buffer, 1 �l of 10% NP-40, and after mixing, 1 �l of PNGase F. The enzyme was replaced with
water for the “no enzyme” control. The reaction mixtures were incubated at 37°C for 1 h. The reaction
products were resolved on 10% SDS-PAGE gels and immunoblotted to detect SERINC5. After detection
of SERINC5 (Fig. 2A), the PVDF membrane was stripped according to the manufacturer’s instructions
using Western Re-Probe (G-Biosciences), blocked again with 5% milk in PBS, and probed with sheep
anti-HIV-1 gp120 antibody.

To evaluate the glycosylation of cell-associated SERINC5, whole-cell extracts of HEK293 cells trans-
fected with pBJ5 S5-iHA were prepared as described above. After sonicating and vortexing the extracts,
an aliquot was used for the deglycosylation reactions in the same manner as described above for virions.

Immunofluorescence microscopy. One day before transfection, 105 HeLa P4.R5 cells were seeded
per well onto glass coverslips in a 24-well plate. Cells were transfected with 25 ng of pBJ5-SERINC5-iHA
or 25 ng of pBJ5-(N294A)SERINC5-iHA or pcDNA vector alone. Twenty-four hours later, the cells were
fixed with 4% paraformaldehyde in PBS for 15 min and permeabilized with 0.2% NP-40 for 7 min at 4°C.
After blocking with 3% bovine serum albumin (BSA) plus 5% normal donkey serum in PBS for 30 min at
4°C, the cells were stained with a 1:400 dilution of mouse anti-HA (BioLegend) for 45 min at 4°C. After
4 washes with PBS, the cells were incubated with a 1:500 dilution of rhodamine-X donkey anti-mouse
secondary antibody for 30 min in the dark at 4°C. After 5 washes with PBS, coverslips were mounted on
glass slides using Prolong Gold (Pierce) and were cured overnight at room temperature. Z-series of
images were acquired using a wide-field fluorescence microscope (Olympus) and were processed using
a nearest-neighbor deconvolution algorithm (SlideBook version 4.1 software; Intelligent Imaging Inno-
vations, Denver, CO), and the figure was assembled using Adobe Photoshop software.
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(N294A)SERINC5 expression rescue experiments. HEK293 cells were transfected with 50 ng of
either pBJ5-S5-iHA or pBJ5-(N294A)S5-iHA without any proviral plasmid DNA as described above.
Twenty-four hours after transfection, the culture medium was replaced with medium containing either
DMSO, MG-132, or bafilomycin A1 (the last two in DMSO) at the indicated concentrations, and the cells
were incubated for 4 to 6 h. At the end of the incubation, the cells were harvested, washed once with
PBS, suspended in 1� TCEP reducing buffer, sonicated as described above, and used for immunoblot-
ting.
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