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Background: BST-2/tetherin inhibits virus release by tethering virions to the cell surface.

Results: The putative GPI anchor signal of BST can function as a TM region and can be replaced by heterologous TM segments.
Conclusion: BST-2 contains a second TM region instead of a GPI anchor.

Significance: Understanding the molecular structure of BST-2 is crucial to understanding how the protein inhibits detachment

of many enveloped viruses.

BST-2/CD317/HM1.24/tetherin is a host factor that inhibits
the release of HIV-1 and other enveloped viruses. Structurally,
tetherin consists of an N-terminal transmembrane (TM) region,
a central coiled coil motif, and a putative C-terminal glycosyl-
phosphatidylinositol (GPI) anchor motif. A current working
model proposes that BST-2 inhibits virus release by physically
tethering viral particles to the cell surface via its TM motif and
GPI anchor. Here we analyzed the functional importance of the
C-terminal GPI anchor motif in BST-2. We replaced the GPI
anchor motif in BST-2 with the TM regions of several surface
markers and found that the TM motifs of CD40 and transferrin
receptor, but not that of CD45, could functionally substitute for
a GPI anchor in BST-2. Conversely, replacing the TM region of
CD4 by the putative GPI anchor signal of human BST-2 resulted
in proper membrane targeting and surface expression of the chi-
meric protein, indicating that the BST-2 GPI anchor signal can
function as a bona fide TM region. In fact, attempts to demon-
strate GPI anchor modification of human BST-2 by biochemical
methods failed. Our results demonstrate that the putative C-ter-
minal GPI anchor motif in human BST-2 fulfills the require-
ments of a bona fide TM motif, leading us to propose that human
BST-2 may in fact contain a second TM segment rather than a
GPI anchor.

HIV-1 must overcome several host defense mechanisms to
establish an efficient infection. Trim-5«, APOBEC3G, and
BST-2/tetherin are among those restriction factors that target
different stages of viral replication (for reviews, see Refs. 1 and
2). APOBEC3G and BST-2 are targeted and functionally inac-
tivated by dedicated viral proteins. Although Vifis expressed by
almost all primate lentiviruses and is the only protein in these
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viruses capable of controlling APOBEC3G, there is no unique
viral gene product targeting BST-2. In fact, three different len-
tiviral proteins have been implicated in the control of BST-2:
HIV-1 uses Vpu, HIV-2 uses its Env glycoprotein, and simian
immunodeficiency virus uses Nef. All three proteins are either
integral membrane proteins (Vpu and Env) or membrane-asso-
ciated by means of a myristic acid modification (Nef) and are
thought to interfere with BST-2 function via direct physical
interaction.

BST-2 was originally identified as a membrane protein in
terminally differentiated human B cells of patients with multi-
ple myeloma (3, 4) and later found to be the interferon-induc-
ible host factor responsible for the Vpu-sensitive inhibition of
HIV-1 virus release (5, 6). BST-2 is a 30 —36-kDa type II trans-
membrane protein consisting of 180 amino acids (7). The pro-
tein is predicted to have an N-terminal transmembrane (TM)?>
region and a C-terminal glycosylphosphatidylinositol (GPI)
anchor (8). These two domains are separated by ~120 residues
that constitute the ectodomain of the protein and are predicted
to form a 16 —17-nm long rodlike coiled coil structure (9-12).
The BST-2 ectodomain encodes 3 cysteine residues (3, 4, 13,
14), all of which can independently contribute to the formation
of cysteine-linked dimers (13, 14). Furthermore, BST-2 is mod-
ified by N-linked glycosylation (4, 8, 13); however, the func-
tional importance of BST-2 glycosylation for inhibition of virus
release is under debate (13, 14). BST-2 protein associates with
lipid rafts at the cell surface and on internal membranes, pre-
sumably the trans-Golgi network (8, 15-17), and C-terminal
GPI anchor modification has been implicated with raft target-
ing of BST-2.

A current model suggests that BST-2 tethers mature virions
to the cell surface by means of its N-terminal TM region and
C-terminal GPI anchor (5). Indeed, immune electron micros-
copy confirmed that BST-2 could be found on virions tethered
to the cell surface (14, 18 —20). In addition, Perez-Caballero et

2 The abbreviations used are: TM, transmembrane; GP|, glycosylphosphatidy-
linositol; UPAR, urokinase plasminogen activator receptor; ER, endoplas-
mic reticulum; PI-PLC, phosphatidylinositol-specific phospholipase C; TfR,
transferrin receptor.
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al. (14) demonstrated that an artificial tetherin consisting of the
N-terminal TM region of transferrin receptor, a coiled coil ect-
odomain of the cytoplasmic dimeric protein dystrophia myo-
tonica protein kinase, and a GPI anchor signal derived from
urokinase plasminogen activator receptor (uPAR) is capable of
inhibiting the release of HIV-1 virions tethered to the cell sur-
face. However, much of the evidence for BST-2 containing a
GPI anchor in addition to a transmembrane region consists of
experimental data performed on rat BST-2, which is only 33%
identical to the human protein, and is largely indirect (8, 21).
Typical GPI-anchored proteins contain initially two hydropho-
bic motifs. The N-terminal hydrophobic motif acts as signal
peptide that targets the protein to the ER and is removed by
N-terminal peptidase. A second hydrophobic segment at the C
terminus is part of the GPI anchor signal and is removed upon
GPI anchor modification. Thus, the vast majority of mature
GPI-anchored proteins lack a TM region (22), making BST-2
one of only a few proteins carrying a TM region in addition to a
GPI anchor. In fact, Kupzig et al. (8) reported that, aside from
rat BST-2 analyzed in their study, only four other naturally
occurring proteins are known to be anchored in the membrane
by both a TM region and a GPI anchor.

Experimental verification of GPI anchor modification of pro-
teins containing an additional TM region is technically chal-
lenging. The most common assay used for typical GPI-an-
chored proteins is the release of the proteins from the
membrane by phosphatidylinositol-specific phospholipase C
(PI-PLC) treatment, which cleaves the protein at the GPI
anchor and releases it from the membrane (23). However, pro-
teins containing a TM region will remain membrane-associated
under such conditions. Kupzig et al. (8) used a variety of meth-
ods to demonstrate GPI anchor modification of rat BST-2.
Among those is PI-PLC treatment, which made rat BST-2 sus-
ceptible to Triton X-100 extraction (i.e. resulted in loss of raft
association). In addition, PI-PLC treatment of BST-2-express-
ing rat cells resulted in positive staining by an anti-cross-reac-
tive determinant antibody, which can bind to a cross-reactive
determinant epitope that is exposed upon PI-PLC treatment
(24). Furthermore, treatment of cells with PI-PLC decreased
the internalization of BST-2 from the cell surface and lipid raft
association, which would implicate a GPI anchor in this process
(21). Although all of these experiments are suggestive of a GPI
anchor modification, none of them provides direct experimen-
tal evidence.

As mentioned above, human BST-2 shares only 33% amino
acid identity with the rat protein. However, like the rat protein,
human BST-2 is predicted by bioinformatics tools to be GPI
anchor-modified. Unfortunately, bioinformatics tools are not
foolproof especially because there is no consensus sequence for
GPI anchor modification. It is therefore necessary to experi-
mentally verify GPI anchor addition. Given that GPI anchor
modification of transmembrane proteins appears to be
extremely rare in nature and given the lack of direct experimen-
tal evidence for GPI anchor modification of either rat or human
BST-2, the goal of the current study was to further investigate
GPI anchor modification of human BST-2. We used a variety of
biochemical assays, including PI-PLC treatment, aerolysin
treatment, and gradual truncation of the putative GPI anchor
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signal. We were unable to verify GPI anchor modification of
human BST-2. Instead, we found strong evidence that the
C-terminal putative GPI anchor signal in human BST-2 repre-
sents in fact a second TM region. This conclusion is supported
by the following observations. (i) The C-terminal putative GPI
anchor motif can be transferred to a heterologous protein and
function as a TM motif. (ii) C-terminally epitope-tagged BST-2
is functional. Importantly, the C-terminal tag was not subject to
proteolytic removal by the GPI modification machinery and
localized to the cytoplasmic side of the plasma membrane. (iii)
Deletion of 2 C-terminal residues from untagged BST-2 did not
affect BST-2 function but can be visualized as a shift in protein
mobility, arguing against proteolytic removal of the GPI signal
peptide. (iv) Replacing the GPI anchor motif in human BST-2
with the TM segment of heterologous proteins can yield BST-2
capable of inhibiting virus release.

EXPERIMENTAL PROCEDURES

Plasmids—The full-length infectious HIV-1 molecular clone
pNL4-3 and the Vpu deletion mutant pNL4-3/Udel have been
described (25, 26). Plasmid pcDNA-BST-2 is a vector for the
expression of human BST-2 under the control of the cytomeg-
alovirus immediate-early promoter (13). C-terminal deletion
mutants of BST-2 (A2, A3, A4, A5, A10, A15, A18, and A21; see
Fig. 7A) were constructed in the backbone of pcDNA-BST-2
N1/N2 (13). BST-2 N1/N2 encodes non-glycosylated but func-
tional BST-2 and was used here to facilitate visualization of
differences in the electrophoretic mobility of BST-2 deletion
mutants. HA-tagged BST-2 constructs encoding HA epitope
tags at the N terminus (BST-2,)), in the ectodomain following
BST-2residue 148 (BST-2,), or at the C terminus (BST-2) were
constructed using PCR-based methodologies. Plasmid
pcDNA-CD4 encoding CD4 with a shortened 3’-untranslated
region was constructed by subcloning a 1.7-kb EcoRI/BamHI
fragment from pHIV-CD4 (27) into pcDNA3.1. Plasmid
pcDNA-CD4-TM1 was constructed by replacing the CD4 TM
region in pcDNA-CD4 (residues Met**’—Phe*'®) with the
N-terminal TM segment of BST-2 (Leu®*-Ile*®) using PCR-
based strategies. Similarly, pcDNA-CD4-TM2 was constructed
by replacing the CD4 TM region (residues Met**”—Phe*'®) with
the C-terminal putative TM region of BST-2 (Ala'®*~Leu'”?).
pcDNA-CD4-ATM was constructed by removing the CD4 TM
region (residues Met>*”—Phe*'®). To construct pcDNA-BST-2
CD40, pcDNA-BST-2 CD45, and pcDNA-BST-2 transferrin
receptor (TfR) chimeras, the GPI anchor signal/putative C-ter-
minal TM region in BST-2 (Ser'®>~Leu'”®) was replaced with
the TM region sequence of CD40 (ALVVIPIIFGILFAILLV-
LVFI), CD45 (ALIAFLAFLI IVTSIALLVVLY) (28), or TfR
(CSGSICYGTIAVIVFFLIGFMIGYLGYC) (29), respectively
(see Fig. 1, A and B). All constructs were verified by sequence
analysis.

Antisera—Rabbit polyclonal BST-2 antiserum directed
against the extracellular portion of BST-2 has been described
(13, 30) and is available through the National Institutes of
Health AIDS Research and Reference Reagent Program (cata-
log number 11721). Monoclonal antibodies to tubulin and actin
were obtained from Sigma. A monoclonal antibody to CD55
was from Santa Cruz Biotechnology (Santa Cruz, CA). HA-spe-
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cific mouse monoclonal antibody was from Roche Diagnostics.
A rabbit polyclonal antibody reacting with the CD4 ectodomain
was produced by immunizing a rabbit with recombinant CD4-
IgG fusion protein (generously provided by Genentech Inc.). A
polyclonal antibody specific for the CD4 cytoplasmic domain,
CD4cyto, was produced by immunizing a rabbit with keyhole
limpet hemocyanin-coupled peptide CVRCRHRRRQAERMS-
QIKRLLSEKKTCQC (31). A mouse monoclonal antibody to
the CD4 ectodomain (OKT4) was obtained from eBioscience
(San Diego, CA). Serum from an HIV-positive patient was used
to detect HIV-1-specific capsid protein. A mouse monoclonal
antibody to aerolysin was obtained from Dr. Peter Howard
(University of Saskatchewan).

Tissue Culture and Transfections—HeLa and 293T cells were
propagated in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). HeLa TZM-bl cells
were obtained from the National Institutes of Health AIDS
Research and Reference Reagent Program, Division of AIDS,
NIAID, National Institutes of Health (donated by Dr. John C.
Kappes, Dr. Xiaoyun Wu, and Tranzyme Inc.) and propagated
as the HeLa cells. For transfection, cells were grown in 25-cm?
flasks to about 80% confluence. Cells were transfected using
TransIT®-LT1 (Mirus, Madison WI) or Lipofectamine
PLUS™ (Invitrogen) following the manufacturer’s recommen-
dations. A total of 5 ug of plasmid DNA/25-cm? flask was used.
Total amounts of transfected DNA were kept constant in all
samples of any given experiment by adding empty vector DNA
as appropriate. Cells were harvested 24 h post-transfection.

Immunoblotting—For immunoblot analysis of intracellular
proteins, whole cell lysates were prepared as follows. Cells were
washed once with PBS, suspended in PBS (400 ul/107 cells), and
mixed with an equal volume of sample buffer (4% sodium dode-
cyl sulfate, 125 mm Tris-HCI, pH 6.8, 10% 2-mercaptoethanol,
10% glycerol, 0.002% bromphenol blue). Proteins were solubi-
lized by boiling for 10-15 min at 95 °C with occasional vortex-
ing of the samples to shear cellular DNA. Residual insoluble
material was removed by centrifugation (2 min at 15,000 rpm in
an Eppendorf minicentrifuge). Cell lysates were subjected to
SDS-PAGE, and proteins were transferred to PVDF mem-
branes and incubated with appropriate antibodies as described
in the text. Membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies (Amersham Bio-
sciences) and visualized by enhanced chemiluminescence
(ECL; Amersham Biosciences).

Fractionation—Cells were washed three times with PBS,
then scraped, and moved to an Eppendorf tube. Cells were spun
at 400 X g for 5 min at 4 °C. The cell pellet was then resus-
pended in 500 ul of HB buffer (250 mM sucrose, 3 mm imidaz-
ole,pH7.4,1 mm EDTA) and centrifuged at 1100 X g for 10 min
at 4 °C. The pellet was then resuspended in 500 ul of HB buffer
and lysed by passage through a 22-gauge syringe 20 times. Cell
lysis was verified by microscopy. The lysate was then centri-
fuged at 1600 X g for 10 min at 4 °C. The postnuclear superna-
tant was divided into two aliquots: one for the total fraction and
one for membrane analysis. One fraction of postnuclear super-
natant was centrifuged at 51,000 rpm in a TLA 100.1 rotor for
1hat4 °C. The supernatant was moved to a fresh tube on ice for
the soluble fraction. The pellet was resuspended in 100 ul of
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fresh Na,CO, (100 mm, pH 11.0) and incubated on ice for 15
min. The suspension was centrifuged at 83,000 rpm in a TLA
100.1 rotor for 10 min at 4 °C. The supernatant was moved to a
fresh tube on ice for the peripheral membrane fraction. The
pellet was again resuspended in 100 ul of fresh Na,COj, incu-
bated on ice for 15 min, and centrifuged at 83,000 rpm ina TLA
100.1 rotor for 10 min at 4 °C. The supernatant was added to the
peripheral membrane fraction. The final pellet, which contains
integral membranes, was resuspended in 200 ul of HB buffer
containing 1.0% Triton X-100.

Immunofluorescence and Confocal Microscopy—293T cells
were transfected as indicated in the text. Transfected cells were
trypsinized, and single cell suspensions were distributed into
12-well plates containing 0.13-mm coverslips. Cells were grown
for 15hat37 °Cin DMEM containing 10% FBS. Cells were fixed
in 1% paraformaldehyde (Electron Microscopy Sciences, Hat-
field PA) for 30 min at room temperature followed by three
washes in PBS. For permeabilization, cells were incubated in
0.1% Triton X-100 in PBS for 4 min followed by two washes in
PBS. Cells were blocked with 1% BSA in PBS for 30 min. For
antibody staining, coverslips were incubated with appropriate
primary antibodies in 1% BSA in PBS for 30 min at room tem-
perature. Cells were washed three times with PBS and incu-
bated with appropriate secondary antibodies for 30 min at
room temperature. Cells were then washed three times with
PBS and mounted onto microscope slides with glycerol gelatin
(Sigma-Aldrich) containing 0.1 m N-propyl gallate (Sigma) to
prevent photobleaching. For confocal microscopy, a Zeiss
LSM410 inverted laser-scanning microscope equipped with a
krypton/argon mixed gas laser was used. Images were acquired
with a Plan-Apochromat 63X/1.4 oil immersion objective
(Zeiss). Image quality was enhanced during data acquisition
using the LSM line average feature (8 X). Postacquisition digital
image enhancement was performed using the LSM software.

Viral Infectivity—Virus stocks were prepared by transfection
of 293T cells with the indicated plasmid DNAs. Virus-contain-
ing supernatants were harvested 24 h after transfection. Cellu-
lar debris was removed by centrifugation (3 min at 1500 rpm),
and clarified supernatants were filtered (0.45 wm) to remove
residual cellular debris. 100 ul of viral stock was used to infect
5 X 10* TZM-bl cells in a 24-well plate in a total volume of 1.1
ml. Infection was allowed for 48 h at 37 °C. Medium was
removed, and cells were lysed in 300 ul of Promega 1 X reporter
lysis buffer (Promega Corp., Madison WI) and frozen at —80 °C
for a minimum of 30 min. To determine the luciferase activity
in the lysates, 5 ul of each lysate was combined with luciferase
substrate (Promega Corp.) by automatic injection, and light
emission was measured for 10 s at room temperature in a
luminometer (Optocomp II, MGM Instruments, Hamden, CT).
Each assay was performed at least twice with triplicate
infections.

Aerolysin Assay—Aerolysin assays were conducted essen-
tially as described (32). Proaerolysin was obtained from Dr.
Peter Howard (University of Saskatchewan). Briefly, HeLa cells
were washed with PBS, scraped, and resuspended in 1 ml of
PBS. The cells were pelleted, frozen, lysed in 1 ml of lysis buffer
(50 mm Tris, pH 7.5, 150 mm NaCl, 0.5% Triton X-100), and
incubated on ice for 20 min. Cell lysates were pelleted at
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13,000 X g for 2 min to remove insoluble material. The super-
natant was recovered, and the proaerolysin was activated by
treatment with trypsin (50 ug/ml) for 10 min at room temper-
ature. The trypsin was inactivated by addition of protease
inhibitor (Complete Mini, Roche Applied Science). The lysate
was then divided into two equal fractions. Aerolysin (final con-
centration, 300 ng/ml) was added to one of the fractions. Both
fractions were then incubated for 1 h at 4 °C followed by 10 min
at 37 °C. Aerolysin-treated and untreated fractions were then
divided into two equal aliquots, which were immunoprecipi-
tated with antibody to CD55 or BST-2, respectively, bound to
Protein A-Sepharose beads (1 h at 4 °C). Samples were washed
twice with wash buffer (50 mm Tris, pH 7.4, 300 mm NaCl, 0.1%
Triton X-100). To avoid co-migration of CD55 with immuno-
globulin heavy chains, CD55 immunoprecipitates were eluted
by heating in buffer lacking 2-mercaptoethanol (10 min at
95 °C). Immunoprecipitated BST-2 was divided into two ali-
quots: one sample was eluted by heating in buffer lacking
2-mercaptoethanol (10 min at 95 °C) to look for the presence of
aerolysin, and the other half was eluted by heating in reducing
sample buffer for 10 min at 95 °C to verify BST-2 immunopre-
cipitation. Samples were separated by SDS-PAGE and sub-
jected to immunoblot analysis as indicated in the text. Antibod-
ies bound to beads were included as a control for IgG.

Protein Structure Prediction—Clone Manager software (v9;
Scientific & Educational Software, Cary, NC) was used for
hydropathy plot analysis. “MemType-2L" is a web-based server
for the prediction of membrane proteins and their types (33).
All other tools used for the prediction of GPI anchors or TM
regions are listed in Table 1 and can be accessed through the
ExPASy Proteomics Server. GPI anchor prediction was done
using “big-PI Predictor.” Transmembrane segment predictions
were done using “HMMTOP,” “PredictProtein,” “SOSUI”
(engine version 1.11), “TMHMM,” “TMpred,” and “TopPred.”

Membrane Binding Analyses—Raft association of BST-2 was
assessed by membrane floatation analysis essentially as
described (34). Cells were washed with PBS, pelleted (2000 X g
for 2 min), and resuspended in 300 ul of 10 mm Tris-HCI, pH
7.5 supplemented with 4 mm EDTA and Complete™™ protease
inhibitor mixture (Roche Diagnostics). After a 10-min incuba-
tion on ice, cells were sonicated for 10 s and centrifuged for 3
min at 2000 X gat4 °Cina microcentrifuge to remove insoluble
material and nuclei. The postnuclear supernatants (120 ul)
were mixed with 120 ul of TNE lysis buffer (100 mm Tris-HCI,
600 mMm NaCl, 16 mm EDTA) supplemented with 0.5% Triton
X-100 and an additional 150 mm NaCl and incubated on ice for
20 min. A total of 200 ul of each lysate was mixed with 1 ml of
85.5% sucrose (w/v) in TNE lysis buffer, placed at the bottom
of SW55 ultracentrifuge tubes, and overlaid first with 2.5 ml of
65% (w/v) sucrose followed by 1.5 ml of 10% sucrose (w/v) in
TNE lysis buffer. The samples were centrifuged at 4 °C in an
SW55 rotor for 16 h at 35,000 rpm. Ten equal fractions (550 ul
each) were collected from the top, mixed with 4X sample
buffer, and heated for 10 min at 95 °C. Samples were analyzed
by immunoblotting.

PI-PLC Assay—HeLa cells were transfected with 5 ug of
pNL4-3/Udel. After 24 h, cells were washed to remove virus-
containing supernatants, detached by scraping, and washed
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again to remove residual virus trapped in the monolayer. Cells
were then divided into four equal aliquots and suspended in 100
wul of PI-PLC buffer (10 mm Tris, pH 8.0, 10 mm EDTA, 10%
glycerol). Two samples each were incubated for 15 min at 37 °C
in the presence or absence, respectively, of PI-PLC (5 units/ml;
Sigma). One treated sample and one untreated sample each
were then vortexed for 30 s at room temperature. All four sam-
ples were then spun at 5000 rpm for 30 s to pellet cells, and the
virus-containing supernatants were removed and filtered
through 0.45-um cellulose acetate spin filters (Corning Costar
Corp., Cambridge, MA) to remove residual cells and cellular
debris. The supernatants were recovered and divided in half.
One-half was mixed with 4X sample buffer for immunoblot
analysis of CD55; the other half of each sample was pelleted by
ultracentrifugation (90 min at 35,000 rpm at 4 °C) through 10
ml of 20% sucrose to concentrate released virions and remove
soluble viral proteins that may have been released from lysed
cells during the procedure. The virus pellet was suspended in
sample buffer and subjected to immunoblot analysis to detect
virus-associated Gag protein.

FACS Analysis—Cells were washed twice with ice-cold 20
mMm EDTA in PBS followed by two washes in ice-cold 1% BSA in
PBS. Cells were treated for 10 min with 50 ug of mouse IgG
(Millipore, Temecula, CA) to block nonspecific binding sites.
Cells were incubated with Alexa Fluor 647-conjugated anti-
human CD317 antibody (BioLegend, San Diego, CA) for 30 min
at 4 °C in the dark. Cells were then washed twice with ice-cold
1% BSA in PBS and suspended in 1% paraformaldehyde in PBS.
Finally, cells were analyzed on a FACSCalibur (BD Biosciences
Immunocytometry Systems). Data analysis was performed
using Flow Jo (Tree Star, San Carlos, CA). For gating of trans-
fected cells, pEGFP-N1 (Clontech) was cotransfected.

RESULTS

In Silico Analysis of BST-2: Does C-terminal Hydrophobic
Region Constitute GPI Anchor Signal or Second TM Motif?—
Initial biochemical studies on BST-2 were done on rat protein,
which was shown to be a type Il TM protein with an N-terminal
TM region and a C-terminal GPI anchor (8). Human and rat
BST-2 share only 33% amino acid identity, but they have similar
hydropathy profiles. Both proteins contain an N-terminal
hydrophobic segment representing the TM region, and they
have a second hydrophobic region at the very C terminus
assumed to be part of the GPI anchor signal. However, GPI
anchor modification of human BST-2 has to our knowledge
never been experimentally verified. Nonetheless, both the
N-terminal TM region and the hydrophobic putative C-termi-
nal GPI anchor signal are critical for inhibiting HIV-1 virion
release (5). In fact, Perez-Caballero et al. (14) demonstrated
that an artificial tetherin consisting of the N-terminal TM motif
of transferrin receptor, a coiled coil ectodomain of the cytoplas-
mic dimeric protein dystrophia myotonica protein kinase, and a
GPI anchor signal derived from uPAR is capable of inhibiting
the release of HIV-1 virions tethered to the cell surface.

We used web-based analytical tools as detailed under “Exper-
imental Procedures” for the prediction of GPI anchor signals
and TM regions in human and rat BST-2 as well as in a series of
reference proteins, including CD4, CD40, CD45, CD55, TfR,
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TABLE 1
In silico analysis of human BST-2 predicts two transmembrane regions

Human and rat BST-2, uPAR, CD4, CD45, CD40, CD55, and TfR were analyzed using the various software programs described. Numbers indicate amino acid positions in
the respective protein. “S” values produced by big-PI Predictor are scores assigned by the software to indicate the likelihood of GPI anchor addition. Higher values reflect

a higher probability. Information regarding raft association as determined experimentally is included at the bottom.

human rat
BST-2 BST-2 uPAR CDh4 CD45 CD40 TfR CD55
-
S 161 152 305 none none none none 353
E 2 bigPI (S=11.95) (8=11.27) (8=17.02) (S=13.40)
O T Predictor 162 153 $304
b (S=4.78) (S=8.60) (S=5.58)
o
HMMTOP | TMI1:22-46 TMI1:28-50 0 397-420 578-597 194-215 62-83 21-38
TM2:152-170 652-669
PredictProtein | TM1:26-44 TMI1:32-49 314-331 399-418 582-599 195-213 68-85 15-32
TM2:155-172
SOSUI | TM1:24-46 TMI1:28-50 0 5-25 4-26 1-22 66-88 0
z TM2:161-180 | TM2:151-172 395-417 577-599 193-215
[=]
b TMHMM |TMI1:22-44 TMI1:27-49 0 398-420 580-602 193-215 64-86 0
= TM2: 148-170 864-1306
5
"5_ TM1:22-46 TM1:27-50 4-23 6-25 1-17 2-18 66-88 21-37
E TMpred |TM2: 162-179| TM2:153-172| 315-334 397-415 578-597 194-215 448-467 179-197
= 838-858 535-555 196-231
735-751 361-379
TMI1:26-46 TMI1:28-48 3-23 5-25 1-21 1-21 67-87 18-38
TM2:160-180 TM2: 152-172] 315-335 400-420 162-182 195-215 447-467 174-194
TopPred 204-224 539-559 361-381
578-598
838-858
MEM Type-2L single pass peripheral GPI single pass single pass [single pass |single pass
yp type 11 membrane anchored type I type I type Il type I
ra,ft . Yes Yes Yes Yes Yes Yes No Yes
association
experimentally 299 single pass trans- trans- trans-
defined properties 7?77 GPI anchor | GPIanchor type 1 membrane | ‘membraie siembratie GPI anchor

and uPAR (Table 1). big-PI Predictor uses a complex algorithm
to assign score values where values of 2 or higher are considered
predictive of GPI anchor modification (37, 38). As expected,
big-PI Predictor found a strong prediction for GPIanchor mod-
ification at position 305 in uPAR (S = 17.02) and at position 353
in CD55 (S = 13.40), both of which have been experimentally
verified to carry GPI anchor modifications (35, 36). GPI anchor
signals were also predicted with slightly lower score values for
human (S = 11.95) and rat BST-2 (S = 11.27) at residues 161
and 152, respectively. Alternative GPI anchor addition sites
with low score values were predicted at adjacent positions
(Table 1). As expected, no GPI anchor signals were predicted
for CD4, CD40, CD45, and TfR.

In addition to big-PI Predictor, we used six different pro-
grams for predicting transmembrane motifs. All six tools cor-
rectly predicted an N-terminal TM region in human and rat
BST-2 albeit with slight fluctuations regarding the specific posi-
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tioning of the TM motif within the protein (Table 1, TM1). In
addition, three of the programs predicted a second TM motif at
the C terminus of human BST-2 mapping to the same area
where big-PI Predictor predicted a GPI anchor modification
(Table 1, TM2). Remarkably, all six programs predicted a sec-
ond TM region at the C terminus of rat BST-2 (Table 1, TM2).
Although this is not surprising given that both GPI anchor sig-
nals and TM motifs tend to be hydrophobic in nature (for a
review, see Ref. 39), it raises questions about the reliability of
GPI anchor versus TM motif predictions and emphasizes the
need for experimental validation. All predictors properly pre-
dicted a TM region near the C terminus of CD4 again with
slight variations in the specific positioning within the protein.
Several TM predictors additionally suggested a second TM
region at the N terminus of CD4; the sequence identified here
represents the hydrophobic signal peptide that targets CD4
into the membrane but is clipped from the mature protein. Of

JOURNAL OF BIOLOGICAL CHEMISTRY 39971



C Terminus of Human BST-2 Acts as Second TM Region

A C (virus:BST-2)
50:1  20:1 10:1
150 1404
BST-2 wt DKKYYPSSQDSS|SAAAPQLLIVLLGLSALLQ =) 120-
= ]
TM40 e e STt A LVVI PITFGI LFAT LLVLVF I} E <3 1004
TM45 140092 F e ISA LI AFLAFLITVTSTALLVVLY A6 o £ g0l
> 4
% B S 3o g Xt S CSGS ICYGT TAVIVEFLIGEMIGY LGY il ,3 § 60-
B Z :::‘S 40
BST-2 wt ™1 GPI E 20+
0 LR [T, e R Sy R e Re K |
0.0 0.1 02 03 04 05
raft
ug BST-2 ® BST-2 wt
TM40 TM2 (CD40) O TM40
(virus:BST-2) o AN
raft o, St 200 101 | O TMTR
TMA45 ™I TM2 (CD45) —_ § 100
0 ]
S 7 80
-]
S~~~ — L
= 60
TMTR  qyy T™2 (TfR) 2 E )l
|'| Z ::3 )
R

0 L T ] T o T v T v
0.0 0.1 02 03 04 05
pg BST-2

FIGURE 1. TM regions of CD40 and TfR can functionally replace putative GPI anchor of human BST-2. A, amino acid alignment of BST-2 WT, BST-2 TM40,
BST-2 TM45, and BST-2 TMTfR. Shown are the sequences beginning with residue 150 in BST-2. The boxed sequence represents a putative TM domain in BST-2.
TM40, TM45, and TMTfR sequences are indicated by white letters on a black background. B, schematic structure of the TM40, TM45, and TMT{R variants
compared with BST-2 WT. Shaded rectangles represent lipid rafts. Symbols for TM2 correspond to those in C. C, 293T cells were transfected with 5 g of NL4-3
WT (top) or NL4-3/Udel (bottom) together with varying amounts of BST-2 WT, TM40, TM45, or TfR chimeric DNAs as indicated. Virus-containing supernatants
were collected 24 h after transfection and used for the infection of HeLa TZM-bl indicator cells. Virus-induced luciferase activity was recorded 48 h later and was
used as a measure of virus release. Values are expressed as mean of three experiments. Error bars, S.E. The infectivity of NL4-3 or NL4-3/Udel virus produced in
the absence of BST-2 (0.0 ug of BST-2) was defined as 100%. RLU, relative luciferase units.

note, both uPAR and CD55 were predicted by at least three
programs to contain TM motifs in the region known to func-
tion as GPI anchor signals. Predictors properly calculated
the TM regions of CD40, CD45, and TfR; however, as with
CD4, some predictors suggested additional TM motifs,
including the N-terminal signal peptides (Table 1). Predic-
tions of protein type using MemType-2L yielded mixed
results. uPAR was correctly identified as a GPI-anchored
protein, and CD4 was correctly identified as a single pass
transmembrane protein, but the GPI anchor-modified CD55
was incorrectly predicted to be a single pass type I trans-
membrane protein (Table 1). Human and rat BST-2 proteins
were also not identified by MemType-2L as GPI-anchored
proteins but were predicted to be a single pass type II trans-
membrane or peripheral membrane protein, respectively.
Taken together, in silico analysis of human and rat BST-2 by
a variety of web-based analytical tools in parallel with pro-
teins known to be GPI anchor-modified or known to not
have a GPI anchor produced inconsistent results, thus high-
lighting the difficulties of accurately predicting protein
modifications solely based on amino acid sequences.
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C-terminal GPI Anchor in BST-2 Can Be Replaced by Heter-
ologous TM Region—Because of the inconsistent results from
our in silico analysis, we designed a study with the aim (a) to
experimentally address whether a C-terminal GPI anchor in
BST-2 can be replaced by a second TM motif to yield functional
protein with the ability to tether virions to the cell surface and
(b) to determine whether the C-terminal putative GPI anchor
signal in human BST-2 is in fact a GPI anchor or a second TM
region.

Previously, BST-2 was shown to be associated with lipid rafts
(8, 16); in fact, raft association of BST-2 was attributed to the
presence of a C-terminal GPI anchor (16). We constructed
three BST-2 chimeras carrying the TM regions of CD40, CD45,
and TfR, respectively, in place of the putative BST-2 GPI anchor
signal. CD40 has a TM motif known to target the protein to
lipid rafts, whereas the TM region of the raft protein CD45 is
not involved in lipid raft targeting (28). Finally, the TM region
of TfR was chosen because TfR is a well studied non-raft-asso-
ciated protein (40). An alignment of the C-terminal residues of
BST-2 WT, BST-2-CD40 (TM40), BST-2-CD45 (TM45), and
BST-2-TfR (TMT{R) downstream of residue 150 is shown in
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Fig. 1A. The schematic structures of the proteins are outlined in
Fig. 1B.

We tested the ability of the TM40, TM45, and TfR chimeras
to inhibit virus particle release. HIV-1 pNL4-3 WT or vpu-
defective pNL4-3/Udel plasmids were transfected into 293T
cells lacking endogenous BST-2 expression either alone or in
combination with BST-2 WT, TM40, TM45, or TMTI{R at
virus:BST-2 ratios of 50:1, 20:1, and 10:1. Virus-containing
supernatants were harvested 24 h later and used for the infec-
tion of TZM-bl indicator cells. Relative virus titer was deter-
mined by measuring the virus-induced expression of luciferase
in the TZM-bl cells 48 h later. The signal produced by NL4-3 or
NL4-3/Udel virus in the absence of BST-2 was each defined as
100%. As expected, BST-2 WT inhibited the release of NL4-3/
Udel virions in a dose-dependent manner (Fig. 1C, bottom
panel), whereas the release of NL4-3 WT was not inhibited (Fig.
1C, top panel). BST-2 TM45 containing the TM region of CD45
inhibited neither NL4-3 WT nor NL4-3/Udel virus release (Fig.
1C). In contrast, BST-2 TM40 carrying the raft-targeting TM
motif of CD40 at its C terminus behaved similarly to BST-2 WT
and did not inhibit NL4-3 WT but did inhibit the release of
NL4-3/Udel although not to the same extent as BST-2 WT. The
difference in inhibition might be due to reduced tethering
activity or could be caused by differences in protein expression.
Interestingly, BST-2 TMTI{R also inhibited virus release albeit
slightly less efficiently than the TM40 chimera (Fig. 1C). These
results demonstrate that the C-terminal putative GPI anchor in
BST-2 is not absolutely required for tethering activity but can
be replaced by TM regions from heterologous transmembrane
proteins. Of note, replacement of the putative GPI anchor
sequence in BST-2 by heterologous TM regions, including the
non-raft marker TfR, did not abolish raft association of the
resulting BST-2 chimera (supplemental Fig. 1A), suggesting
that sequences in addition to (or instead of) the putative GPI
anchor signal are required for raft targeting of the chimera. All
BST-2 chimeras, including the inactive BST-2 TM45 chimera,
were expressed at the cell surface (supplemental Fig. 1B). The
lack of correlation between biological function (i.e. inhibition of
virus release) and raft association of our BST-2 chimeras sug-
gests that membrane lipid raft association of BST-2 may be
necessary but is not sufficient for inhibition of virus particle
release.

C-terminal Hydrophobic Region in BST-2 Can Function as
Second Transmembrane Motif—Numerous studies on BST-2
use epitope-tagged protein. In those studies, the epitope tag is
either placed at the N terminus of the protein (e.g. Refs. 41 and
42) or near the C terminus in the BST-2 ectodomain (e.g. Refs.
14 and 43). C-terminal epitope tags are not commonly used to
study BST-2 function because of the anticipated GPI anchor
modification. A C-terminal tag would either be removed during
GPI anchor modification, thus preventing identification of the
protein by antibody-based assays, or result in inactive protein if
the protein fails to be properly GPI anchor-modified. We pre-
viously produced an antibody to the ectodomain of BST-2 that
allows us to identify the protein irrespective of the presence or
absence of an epitope tag (30). We took advantage of this fact to
test the above predictions regarding C-terminal epitope tagging
of BST-2. To do so, we constructed a series of BST-2 variants
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FIGURE 2. Construction and analysis of epitope-tagged BST-2. A, hydrop-
athy plot of human BST-2. The profile was calculated using Clone Manager
software. Shown is a Kyte-Doolittle plot. Hydrophobic residues are indicated
as positive values. The known transmembrane region (TM1) as well as a pos-
sible second transmembrane region near the C terminus (TM2) is indicated by
shaded areas. The arrow points to the predicted GPI anchor cleavage site.
B, schematic outline of HA-tagged BST-2 constructs. The HA epitope was
added to the N terminus (BST-2 HA), the ectodomain (BST-2 HA)), or the C
terminus (BST-2 HA) of human BST-2. The number of symbols reflects the
number of HA epitopes present in the constructs. C, 293T cells were trans-
fected with 0.5 ng each of HA-tagged BST-2 or 0.1 g of WT BST-2. Whole cell
lysates were prepared after 24 h and subjected to immunoblot analysis using
BST-2-specific antibody. Untagged BST-2 was loaded on both sides for refer-
ence. tub, tubulin.

containing an HA epitope tag either at the N terminus (BST-2
HA,), in the ectodomain N-terminal to the predicted GPI
cleavage site (BST-2 HA,), or at the extreme C terminus (BST-2
HA_) as schematically shown in Fig. 2B. We reasoned that if
BST-2 were in fact modified by a C-terminal GPI anchor then
BST-2 HA(. should not be recognized by an HA-specific anti-
body due to the removal of the C-terminal peptide (see Fig. 24).
Expression of the proteins was verified by immunoblotting and
compared with untagged BST-2 (Fig. 2C). All HA-tagged pro-
teins exhibited a slower mobility than untagged BST-2 consis-
tent with the presence of a 14-residue single HA tag in BST-2
HA and BST-2 HA_ and a 32-residue triple HA tag in BST-2
HA,.

We next tested the functional properties of the HA-tagged
BST-2 variants in a virus release assay. For that purpose, NL4-3
WT or NL4-3/Udel was transfected into 293T cells either alone
or in combination with BST-2 WT or HA-tagged BST-2 vari-
ants at virus:BST-2 ratios of 50:1, 20:1, and 10:1. Relative virus
titer was determined as in Fig. 1 by measuring the virus-induced

JOURNAL OF BIOLOGICAL CHEMISTRY 39973


http://www.jbc.org/cgi/content/full/M111.287011/DC1
http://www.jbc.org/cgi/content/full/M111.287011/DC1

C Terminus of Human BST-2 Acts as Second TM Region

A BST-2 wt B
120 50:1 20:1 10:1
5 100 =
2 80 %
- ] =
St ]
= 60+ =
‘N 2
L 40+ i
2 2
E E
0
BST-2
C BST-2 HA{ D
120 50:1  20:1 10:1
= 100 =
g 1 &
» 80 :
= ] =
St o]
S 60- 5
3 T 4
LS 401 28
0 v T v T v T v T v T v
]
BST-2
-0~ NL4-3 wt

BST-2 HAy
50:1 20:1 10:1 (virus:BST-2)
120
100y
80
60-
40
20
9-'I'I'l'l'l'
__4
BST-2
BST-2 HA ¢
120 50:1 20:1 10:1 (virus:BST-2)

BST-2

-O- NL4-3/Udel

FIGURE 3. C-terminally epitope-tagged BST-2 is functional. 293T cells were transfected with 5 g each of NL4-3 WT or NL4-3/Udel together with increasing
amounts (0, 0.1 ug (50:1), 0.25 g (20:1), or 0.5 g (10:1)) of BST-2 WT (A), BST-2 HA (B), BST-2 HA, (C), or BST-2 HA (D). Virus-containing supernatants were
collected 24 h later and used to infect HeLa TZM-bl indicator cells. Analysis of the data was performed as in Fig. 1C. Error bars, S.E. The signal produced by NL4-3
or NL4-3/Udel virus in the absence of BST-2 was each defined as 100%. RLU, relative luciferase units.

expression of luciferase in TZM-bl cells. As expected, expres-
sion of BST-2 WT resulted in a dose-dependent inhibition of
NL4-3/Udel virus release (Fig. 34, open circles), whereas the
release of NL4-3 WT was less affected (Fig. 34, closed circles).
Similarly, BST-2 HA, and BST-2 HA| inhibited the release of
Udel virus in a dose-dependent manner (Fig. 3, B and C).
Although inhibition by BST-2 HA;and BST-2 HA, appeared to
be not quite as efficient when compared with untagged BST-2,
these results nonetheless indicate that the presence of N-termi-
nal and internal HA tags did not drastically affect the functional
properties of BST-2. Importantly, BST-2 HA( also inhibited
HIV-1 virus release in a Vpu-sensitive manner and with effi-
ciency similar to that of BST-2 HA; and BST-2 HA, indicating
that the presence of a C-terminal HA tag did not affect the
tethering activity of BST-2 (Fig. 3D).

We next studied expression and topology of the HA-tagged
BST-2 variants at the surface of transfected 293T cells using
confocal microscopy. 293T cells were transfected with the indi-
cated BST-2 constructs and subjected to indirect immunofluo-
rescence either without (Fig. 4, untreated) or subsequent to
permeabilization with Triton X-100 (Fig. 4, permeabilized).
Samples were double labeled using BST-2-specific rabbit poly-
clonal antibody and an HA-specific mouse monoclonal anti-
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body. The antibodies specifically recognized BST-2 because
mock-transfected cells and untransfected cells present on the
coverslips were negative (data not shown). The location of the
epitopes recognized by the antibodies is schematically shown at
the top of Fig. 4. The orientation of the proteins in the mem-
brane was assessed by comparing BST-2- and HA-specific fluo-
rescence (Fig. 4, bottom panels). As expected, all proteins were
recognized by the BST-2-specific polyclonal antibody irrespec-
tive of whether the cells had been permeabilized or not. This
indicates that all proteins were properly synthesized and
expressed at the cell surface. Visualization of BST-2 HA with
the HA-specific antibody was dependent on cell permeabiliza-
tion (Fig. 4A4). This indicates that the N terminus of BST-2
localizes to the cytoplasmic side of the plasma membrane and
confirms BST-2 as a type Il transmembrane protein. Consistent
with this result, BST-2 HA; in which both antibody epitopes are
located in the ectodomain was identified by both the BST-2 and
HA antibodies regardless of permeabilization of the cells (Fig.
4B). As faras BST-2 HA . is concerned, three different scenarios
can be envisioned (Fig. 4C). First, if the protein is modified by a
GPI anchor, then the HA tag will be removed, and no HA-spe-
cific signal should be detected even in permeabilized cells (Fig.
4C, a). Second, addition of the HA tag prevents the protein
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from being GPI anchor-modified. In this scenario, the C termi-
nus of BST-2 should not be anchored in the membrane but
should extend into the extracellular space, and the HA epitope
should be accessible with and without cell permeabilization
(Fig. 4C, b). Third, instead of a GPI anchor, BST-2 contains a
second TM region. In this case, the HA epitope should remain
attached to the protein but only be visible upon cell permeabi-
lization (Fig. 4C, c). Indeed, we found that BST-2 HA - was not
visible with the HA antibody in the absence of cell permeabili-
zation but became clearly accessible to the HA antibody upon
cell permeabilization. Similar results were obtained with a
BST-2 variant containing a C-terminal Myc tag (data not
shown). These results indicate that BST-2 HA . is a membrane
protein with two TM segments as depicted in model c. This
implies that the C-terminal hydrophobic region in BST-2 at
least in conjunction with a C-terminal epitope tag acts as a
second TM region and is sufficient for tethering activity. It is
also conceivable that a small portion of the protein loses its
epitope tag as part of a GPI anchor modification to produce the
biological activity observed in Fig. 3. This seems unlikely, how-
ever, given that the vast majority of BST-2 HA exhibited a
slower mobility in the gel than untagged BST-2 (see Fig. 2C).
PI-PLC Treatment Fails to Release Tethered Virions—A pop-
ular model of BST-2 function predicts the tethering of other-
wise fully detached virions to the plasma membrane by means
of its membrane-spanning N-terminal TM region and its C-ter-
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minal GPI anchor (5). PI-PLC is known to cleave GPI anchors
(44). Therefore, we hypothesized that treatment of cells pro-
ducing Vpu-deficient virus with PI-PLC should result in the
release of virions. To test this hypothesis, HeLa cells were trans-
fected with pNL4-3/Udel. Cells were collected 24 h later and
subjected to a PI-PLC treatment protocol as described under
“Experimental Procedures” and outlined in Fig. 5A. As
expected, PI-PLC treatment released CD55, a known GPI
anchor protein, into the culture supernatants (Fig. 5B, lanes 2
and 4). Subjecting cells to vortexing did not result in the release
of CD55 (Fig. 5B, lane 3), indicating that this procedure did not
cause nonspecific cell lysis. Of note, PI-PLC treatment did not
induce the release of virions above the level recovered by incu-
bation in PLC buffer without enzyme (Fig. 5B, compare lanes 1
and 2). Importantly, however, the 3—4-fold increase in viral
capsid protein recovered after vortexing of untreated as well as
PI-PLC-treated cells (Fig. 5B, lanes 3 and 4) indicates that the
inability of PI-PLC to release virions is not due to the absence of
tethered particles at the cell surface. These results confirm a
previous study by Fitzpatrick ez al. (18), who also failed to dem-
onstrate PI-PLC-induced virus release. Thus, the failure of PI-
PLC treatment to induce the release of tethered virions from
the surface of cells further argues against a model involving GPI
anchor-dependent tethering of virions by BST-2.

BST-2 Fails to Bind Aerolysin—As described above, PI-PLC is
known to cleave GPI anchors. Indeed, PI-PLC treatment ren-

JOURNAL OF BIOLOGICAL CHEMISTRY 39975



C Terminus of Human BST-2 Acts as Second TM Region

A 15',37°C 30", RT
I L 1 ellet
Nirus
)g) pe\\et
g\, % _inus
@ >
pe\\e
\ yus'
et
NL4-3/Udel S —y,

pe\\e‘
virus
%

/B

WBIlot
CA(ancd)  — t I ¢ PLC
CD55 (lane 4) vortex
CA (lane 2) CD55
CDS5S (lane 2) - -
CA (lane 3)
CD55 (lane 3) —— ——  CA
CA (lane 1)

CD55 (lane 1)

FIGURE 5. PI-PLC treatment does not release tethered virions. A, the experimental flow chart is schematically shown. B, HeLa cells were transfected with 5.0
g of NL4-3/Udel, washed, and divided into four equal aliquots. Cells were suspended in 100 wl of PLC buffer (10 mm Tris, pH 8.0, 10 mm EDTA, 10% glycerol)
and incubated in the absence (—) or presence (+) of 0.5 unit of PI-PLC for 15 min (75') at 37 °C. After PI-PLC treatment, one set of samples was subjected to 30 s
(30") of vortexing, and supernatants were processed forimmunoblot analysis as detailed under “Experimental Procedures.” CA, capsid protein; WBlot, Western

blot.

dered rat BST-2 sensitive to Triton X-100 treatment of unfixed
cells in immunocytochemical analyses, consistent with the loss
of raft association of BST-2 (8). We attempted to verify GPI
anchor modification of human BST-2 using two strategies.
First, we treated HeLa cell extracts with PI-PLC to identify a
possible shift in the mobility of endogenous BST-2 as reported
for other proteins (45, 46). Second, we subjected PI-PLC-
treated HeLa cell extracts to floatation gradient analysis to
identify a potential change in the raft association of BST-2.
However, both assays failed, and we saw neither a shift in mobil-
ity nor a change in raft association of BST-2 (data not shown).
Although these results argue against a GPI anchor modification
of human BST-2, they represent negative data. It is possible that
PI-PLC was simply ineffective in cleaving a GPI anchor on
human BST-2 despite the efficient release of CD55 in Fig. 5. We
also contemplated assessing cross-reactive determinant recog-
nition of PI-PLC-treated human BST-2; however, our attempts
to obtain anti-cross-reactive determinant antibody were
unsuccessful.

Another way of identifying GPI anchor modifications
involves the binding of aerolysin. Aerolysin is a toxin produced
by Aeromonas hydrophilia that binds with high affinity to GPI
moieties and can then be detected by an aerolysin-specific anti-
body (47, 48). Aerolysin is secreted as an inactive precursor,
proaerolysin, that is proteolytically cleaved to yield the active
form of aerolysin (49). We obtained proaerolysin and activated
the toxin by trypsin cleavage as described under “Experimental
Procedures.” HeLa cell extracts were then exposed to activated
aerolysin. The sample was then divided into equal aliquots and
immunoprecipitated with an antibody to BST-2 (Fig. 6A) or
CD55, a known cellular GPI anchor protein (Fig. 6B). Inmuno-
precipitates were subjected to immunoblot analysis using
CD55- or BST-2-specific antiserum to ensure successful pre-
cipitation of the target proteins (Fig. 6, A and B, top panels,
lanes 2 and 3). Parallel samples of immunoprecipitated proteins
were probed with antibody to aerolysin to detect GPI-bound
aerolysin (Fig. 6, A and B, bottom panels). Inmunoprecipitation
of CD55 enriched the protein in both untreated and aerolysin-
treated samples (Fig. 6B, top panel, lanes 5 and 6), and probing
the precipitates with an aerolysin-specific antibody revealed
that, as predicted, aerolysin indeed bound to CD55 (Fig. 6B,
bottom panel, lane 6). Like CD55, BST-2 was efficiently precip-
itated from the HeLa extracts (Fig. 6A, top panel, lanes 2 and 3).
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FIGURE 6. Lack of aerolysin binding suggests that endogenous BST-2
does not contain GPI anchor. Hela cells were used to analyze aerolysin
binding to endogenous BST-2. Cells were either left untreated (lanes 2 and 5)
or were treated with aerolysin as described under “Experimental Procedures”
(lanes 3 and 6). A, half of each untreated or aerolysin-treated cell extract was
immunoprecipitated with BST-2-specific antibody (lanes 2 and 3). Antibody-
bound beads not exposed to cell extract were included as a negative control
(lane 1). Immunoprecipitates were probed with an antibody to BST-2 (top
panel) or aerolysin (bottom panel). B, CD55 is a known GPl anchor protein and
was used as a positive control. The second half of each aerolysin-treated or
untreated cell lysate was immunoprecipitated with antibody to CD55 (lanes 5
and 6). A mock immunoprecipitation (/P) (CD55 antibodies without cell
extract) was included as a negative control (lane 4). The CD55 immunopre-
cipitates were then either probed with antibody to CD55 (top panel) or anti-
body to aerolysin (bottom panel). The positions of BST-2, CD55, and aerolysin
(Ael) are indicated. WB, Western blot.

However, probing the BST-2 precipitates with an aerolysin-
specific antibody failed to reveal a specific signal (Fig. 64, bot-
tom panel, compare lane 3 with lanes 1 and 2). Thus, whereas
we were able to confirm aerolysin binding to CD55, confirming
its status as a GPI-anchored protein and validating the experi-
mental approach, we failed to detect evidence for GPI anchor
modification of human BST-2 using the aerolysin binding
assay.
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FIGURE 7. Deletion of C-terminal residues of BST-2 results in shift in size and loss of function. A, schematic depicting the mutations made in BST-2 N1/N2.
The arrow points to the predicted GPl anchor signal cleavage site. FL, full-length BST-2 N1/N2. B, cell lysates of 293T cells transfected with 0.5 ug of the indicated
BST-2 constructs were subjected to immunoblot analysis with BST-2 antibody. The blot was subsequently reprobed with an antibody to tubulin to control for
equal sampleloading. The white dotted line connects the lower bands of the full-length (FL) controls and was added to better visualize the mobility shiftinduced
by deletion of 2-5 residues in the mutants. C and D, 293T cells were transfected with 5 ug of NL4-3/Udel and varying amounts of BST-2 DNA as indicated.
Virus-containing supernatants were harvested 24 h later and used to infect HeLa TZM-bl cells. Infection of TZM-bl cells was determined 48 h later and was used
to calculate virus release as described for Fig. 1C. Values are expressed as mean of three experiments. Error bars, S.E. Infectivity of the virus in the absence of

BST-2 was defined as 100%. RLU, relative luciferase units; tub, tubulin.

C-terminal Residues of BST-2 Are Important for Tethering
Activity—GPI anchor modification of human BST-2 is pre-
dicted to replace the 21 C-terminal residues of BST-2 with a
GPI moiety. To further support our hypothesis that BST-2 con-
tains a second TM region, we constructed C-terminal trunca-
tions of BST-2. Because BST-2 is glycosylated and normally
runs as multiple bands (see Fig. 2C), we utilized a previously
characterized construct, BST-2 N1/N2, lacking both signals for
N-linked glycosylation (13). Of note, BST-2 N1/N2 is expressed
at the cell surface, inhibits virus release in the absence of Vpu,
and thus has the functional properties of BST-2 WT (13). Inter-
estingly, transiently expressed BST-2 N1/N2 ran as two distinct
bands (see Fig. 7B). The reason is unclear; however, it was con-
ceivable that one of the bands represents unprocessed BST-2 (a
significant portion of transiently expressed BST-2 is retained in
the ER (13)), whereas the other band represents GPI anchor-
modified BST-2. If this were the case, we reasoned that removal
of C-terminal residues in BST-2 should eliminate the doublet (if
GPI anchor modification is affected) and/or shift the mobility
of one of the bands (the one representing unmodified BST-2).

We created a series of C-terminal deletion mutants of BST-2
as illustrated in Fig. 7A. In an initial series, we deleted 10, 15, 18,
or 21 C-terminal residues in BST-2, which is apparent by the
increased mobility of the resulting proteins (Fig. 6B, lanes 1-4).
Of note, deletion of 21 residues corresponds to the removal of
the entire putative GPI anchor signal (Fig. 7A, arrow). Impor-
tantly, the change in mobility caused by the deletions equally
affected both protein bands, and the relative distance between
the protein doublets remained constant in all mutants (Fig. 7B).
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Thus, the protein doublet observed upon transient expression
of BST-2 N1/N2 does not represent GPI-modified and unmod-
ified BST-2, respectively, and the nature of the protein doublet
therefore remains unclear. The biological function of the BST-2
deletion mutants was assessed by cotransfecting NL4-3/Udel
into 293T cells together with increasing amounts of full-length
BST-2 or BST-2 mutants and measuring virus production in a
standard luciferase assay as described for Fig. 1. As can be seen
in Fig. 7C, all four truncation mutants were biologically inactive
and failed to inhibit HIV-1 particle release in contrast to the
full-length BST-2 N1/N2 variant (Fig. 7C, FL).

The C-terminal hydrophobic region in human BST-2, repre-
senting either a GPI anchor signal or a second TM region,
encompasses residues 163—-179 (see Fig. 2A). Thus, truncation
of 10 or more residues might have prevented the protein from
being processed for GPI anchor modification or from forming a
second TM segment. To test whether smaller deletions from
the C terminus of BST-2 would be tolerated more readily, we
created a series of smaller truncation mutants lacking 2, 3, 4, or
5 residues from the C terminus of BST-2. Again, we could see a
slight increase in electrophoretic mobility with each deletion
using for reference the dotted line that connects the two flank-
ing full-length proteins (Fig. 7B, lanes 5—10). Functional analy-
sis of these mutants revealed that deletion of 2 residues from the
C terminus was tolerated and did not impair inhibition of virus
release by BST-2, whereas deletion of 3 or more residues led to
functional impairment (Fig. 7D). The fact that deletion of 2
residues did not affect BST-2 function but was visible as a slight
shift in electrophoretic mobility (Fig. 7B, compare lanes 5 and

JOURNAL OF BIOLOGICAL CHEMISTRY 39977



C Terminus of Human BST-2 Acts as Second TM Region

A B total sol perph intg total sol perph intg
-
BST-2 wt TM2 a-CD4 - — — >
4 =
CD4 wt [ N 0-actin S—— — —— =
CD4TMI1 [ |TM1| ]
man
CD4TM: EEmEE P — 0-CD4 S - ~ _—
CD4 ATM [ = E
OL-aCtin S—— — oo

C a-ecto a-ctyo a-ecto a-ctyo

= =
2 2
« x
@ @
= &
E E

" =

* 5 D3
2 2
< <
WD Y
£ =
e e
3 "3
=% 2
= =
S S
x <
k5 @
= £
= =
= =

= =

= =

permeabilized

permeabilized
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ATM construct lacks the TM motif of CD4. B, 293T cells were transfected with 5 g each of the indicated CD4 chimeras and fractionated into a postnuclear
supernatant, which was separated into a cytosolic soluble fraction (sol) and a membrane fraction. The membrane fraction was further fractionated into integral
(intg) and peripheral (perph) fractions as described under “Experimental Procedures.” Whole cell extracts (total) were included as positive controls. The fractions
were separated by SDS-PAGE and subjected to immunoblotting with antibodies to CD4 and actin. C, 293T cells were transfected with 5 ug of the indicated CD4
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of CD4 (green channel; a-ecto). Stained cells were examined by confocal fluorescence microscopy as described for Fig. 4. Bright field images of the sections

analyzed are shown on the right.

6) is inconsistent with the removal of the C-terminal 21 resi-
dues for GPI anchor modification but supports the hypothesis
that the C-terminal hydrophobic region in BST-2 in fact repre-
sents a second TM segment.

C-terminal Hydrophobic Region of BST-2 Can Act as Trans-
membrane Motif in Heterologous Protein—If the C-terminal
hydrophobic segment of BST-2 acts as a second TM region,
then this region of BST-2 should function as a TM region in
heterologous proteins. To test this hypothesis, we replaced the
TM region of CD4 with either the N-terminal TM region of
BST-2 (TM1) or the predicted C-terminal TM region (TM2) as
depicted in Fig. 8A. As a control, we also created a construct
lacking the CD4 TM region (ATM) to verify that this region is
necessary and sufficient for membrane association of CD4.
Proper membrane targeting and integration of the resulting
chimera was assessed biochemically in transiently transfected
293T cells using a cell fractionation assay as described under
“Experimental Procedures.” Postnuclear supernatants were
either analyzed directly (Fig. 8B, total) or following further frac-
tionation by high speed ultracentrifugation into soluble (Fig.
8B, sol) and membrane fractions. The membrane fraction was
extracted with sodium carbonate to further discriminate
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between peripheral membrane proteins (Fig. 8B, perph) and
integral membrane proteins (Fig. 8B, intg). The samples were
then subjected to immunoblot analysis using CD4 WT and
actin as controls. As expected, CD4 WT was located primarily
in the integral membrane fraction, whereas actin is a soluble
protein (Fig. 8B, wt). Of note, CD4-TM1 and CD4-TM2
behaved like CD4 WT and were enriched in the integral mem-
brane protein fraction (Fig. 88, TM1 and TM?2). In contrast,
deletion of the CD4 TM motif changed the properties of the
resulting protein, which no longer was purified in the periph-
eral membrane protein fraction but was sensitive to sodium
carbonate extraction (Fig. 8B, ATM). Thus, the CD4 TM region
is critical for stable integration into membranes. We therefore
conclude that the C-terminal hydrophobic region of BST-2 is
able to function as a TM motif when transferred to a heterolo-
gous protein, allowing for proper insertion into the membrane.

Surface expression and membrane topology of the CD4-
TM1 and CD4-TM2 chimeras were assessed by indirect immu-
nofluorescence of unpermeabilized and permeabilized trans-
fected 293T cells as described for Fig. 4. We used two antibodies
to CD4: one selectively recognizes the cytoplasmic domain,
which should be visible only upon permeabilization, and one
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reacts with the CD4 ectodomain, which should be accessible to
staining irrespective of permeabilization. As expected, CD4,
CD4-TM1, and CD4-TM2 were identified by the CD4 ectodo-
main antibody in non-permeabilized cells, indicating that the
proteins were expressed at the cell surface (Fig. 8C, untreated).
In contrast, CD4-ATM was not detected on non-permeabilized
cells, indicating that this protein is not expressed at the cell
surface (Fig. 8C, ATM, untreated). Surface expression of CD4-
TM1 and CD4-TM2 was also confirmed by FACS using a
directly conjugated commercial antibody to the CD4 ectodo-
main (data not shown). As expected, CD4 WT reacted with the
cytoplasmic domain antibody only upon permeabilization (Fig.
8C, wt, a-cyto). Similarly, recognition of CD4-TM1 and CD4-
TM2 by the antibody to the CD4 cytoplasmic domain also
required permeabilization of the cells. Finally, CD4-ATM was
recognized by both antibodies upon permeabilization, demon-
strating that the lack of surface labeling in non-permeabilized
cells was not due to lack of protein expression or antibody rec-
ognition (Fig. 8C, ATM). Thus, both the N-terminal TM region
of BST-2 and the C-terminal hydrophobic region function as
TM motifs when transferred into CD4 and allow for proper
membrane orientation and cell surface targeting of CD4. As
such, the C-terminal hydrophobic region of human BST-2 ful-
fills the criteria expected of a bona fide transmembrane motif.

DISCUSSION

In analogy to the rat protein, human BST-2 is commonly
presumed to carry a C-terminal GPI anchor. GPI anchor addi-
tion to proteins occurs in the lumen of the endoplasmic retic-
ulum and is catalyzed by GPI transamidase (for a review, see
Ref. 50). This process involves the removal of a C-terminal GPI
signal sequence. Based on in silico analysis, signal cleavage is
predicted to occur on Ser-'®' or Ser-'®> in human BST-2 (see
Table 1 and Fig. 7A, arrow). Thus, we expected epitope tags
added to the C terminus of human BST-2 to be either clipped
off as part of the GPI anchor addition or to result in a biologi-
cally inactive protein lacking a GPI anchor and anchored in the
membrane solely by its N-terminal TM motif. Surprisingly, nei-
ther prediction turned out to be true. In fact, C-terminally
tagged human BST-2 retained its tag and was biologically
active. Moreover, both the N-terminal domain of BST-2 and
the C-terminal epitope tag were located on the cytoplasmic side
of the plasma membrane, indicating that C-terminally tagged
human BST-2 contained two genuine TM regions. These
observations inspired us to reinvestigate whether human
BST-2 was indeed modified by GPI anchor addition as pre-
dicted from in silico analysis and in analogy to the rat protein or
whether untagged and endogenous human BST-2 contains two
genuine TM segments.

Our results failed to provide experimental evidence for
C-terminal GPI anchor modification of human BST-2. Instead,
we propose that the C-terminal hydrophobic region in human
BST-2 serves as a genuine second TM motif. This conclusion is
supported by our observation that replacement of the CD4 TM
region by the BST-2 C terminus resulted in protein that was
properly oriented in the membrane and expressed at the cell
surface, suggesting that the presumed GPI anchor signal of
human BST-2 has the propensity to act as a TM region when
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transferred to a heterologous protein. Furthermore, small dele-
tions introduced at the C terminus resulted in identifiable shifts
in electrophoretic mobility of human BST-2, suggesting that
the C-terminal putative GPI anchor signal peptide in BST-2 is
not removed. Importantly, replacement of the presumed GPI
anchor signal in human BST-2 by the TM segments of CD40
and TfR resulted in biologically active protein capable of inhib-
iting the release of HIV-1 virions. This result is of critical
importance as it provides proof of concept that a TM region can
in principle replace a putative GPI anchor to yield BST-2 with
the ability to inhibit HIV-1 virus release.

Several previous studies have indicated that the C-terminal
region of BST-2 was important for lipid raft association (8, 16,
21). Our results are consistent with those observations. How-
ever, instead of GPI anchor-driven raft targeting, we propose
that human BST-2 is targeted to rafts by a C-terminal region
upstream of the proposed TM motif. Reports that a known GPI
anchor can substitute for this region are not surprising because
GPI proteins are known to associate with lipid rafts (14). On the
other hand, there is precedent in the literature for TM regions
capable of targeting the protein to lipid rafts (28). In fact, using
one of these TM segments encoded by CD40, we obtained a
BST-2 variant that was capable of inhibiting virus release and
that was properly targeted to rafts. However, we were also able
to target BST-2 variants to rafts using TM regions of TfR and
CD45, which do not possess raft targeting properties, suggest-
ing that some other region of BST-2 is important for raft asso-
ciation. In addition, raft association is not sufficient for function
as BST-2 containing the TM region of CD45 associated with
lipid rafts but was not biologically active.

Previous work examining whether BST-2 contained a GPI
anchor was primarily performed on rat BST-2. However,
results from the rat studies cannot be automatically extrapo-
lated to the human protein. In fact, there are several known
differences in the behavior of rat and human BST-2 proteins.
For instance, although rat BST-2 lacking the GPI anchor signal
was mislocalized to the ER (8), human BST-2 lacking the puta-
tive GPI anchor signal was efficiently transported to the plasma
membrane (5, 14). Furthermore, treatment with PI-PLC
decreased internalization of rat BST-2 (21) but increased inter-
nalization of human BST-2 (16). Both studies found that treat-
ment of cells with PI-PLC resulted in reduced affinity of BST-2
to detergent-resistant membranes. However, these experi-
ments do not address whether PI-PLC treatment directly tar-
gets BST-2 or induces an indirect effect by cleaving other raft-
associated cellular protein(s). In fact, it is possible that another
GPI-anchored lipid raft protein is involved in targeting BST-2
to lipid rafts. This would explain why C-terminal truncations in
BST-2 result in loss of function but have only partial effects on
the raft association of BST-2. Our data confirm a recent study
that failed to observe enhanced virus release following PI-PLC
treatment of cells (18). It cannot be ruled out of course that
PI-PLC fails to cleave BST-2 when it is associated with tethered
virions due to conformation constraints or steric hindrance.

The strongest experimental evidence that human BST-2 is
modified by a GPI anchor comes from studies using a CHO cell
line lacking phosphatidylinositol glycan class L (PIGL), an ER-
resident enzyme required for the addition of GPI anchors (14).
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When WT BST-2 was expressed in this cell line, the protein was
retained in the ER. In contrast, BST-2 lacking the C-terminal
putative GPI anchor signal properly localized to the cell surface
(14). Although this suggests that the C-terminal region of
BST-2 is important for the protein to reach the cell surface, it
does not rule out the possibility that the effect is indirect and
mediated by another GPI-containing protein interacting with
the C-terminal region of BST-2 and involved in BST-2 traffick-
ing. Therefore, whereas the data by Perez-Caballero et al. (14)
strongly imply the involvement of GPI-anchored protein(s) in
the trafficking of BST-2, they do not provide direct experimen-
tal evidence that BST-2 itself carries a GPI anchor modification.

Finally, BST-2 orthologues from several species of owl mon-
key have been described that differ in their ability to inhibit
HIV-1virus release. Interestingly, a single amino acid change in
the predicted GPI anchor signal peptide was found to be
responsible for the different phenotypes (51). The amino acid
variation does not affect GPI anchor predictions based on in
silico analyses (data not shown). However, the observed func-
tional impact of the amino acid variation is difficult to explain if
the region is removed as part of a GPI anchor modification.
Thus, a second TM region in owl monkey BST-2 instead of a
GPI anchor would be more consistent with the observed differ-
ential effects on virus release.

The most direct evidence for determining whether or not
endogenous BST-2 is modified by a GPI anchor could come
from mass spectrophotometry of the protein. However,
attempts to purify endogenous BST-2 to sufficient concentra-
tion and purity have thus far been unsuccessful in part due to
the inherent heterogeneity of the protein caused by the pres-
ence of two N-linked carbohydrate chains. In addition, tran-
sient overexpression results in the production of predomi-
nantly immature forms of BST-2 (13), the vast majority of
which is clearly not GPI anchor-modified based on the results
of our current study and is therefore not suited for mass spec-
trometry. Our study provides compelling evidence against a
GPI anchor modification of human BST-2 and strongly sup-
ports a model in which BST-2 is anchored in the membrane(s)
by two genuine TM motifs. Thus, the overall model in which
BST-2 prevents virus release by tethering otherwise fully
detached virions to the plasma membrane of the virus-produc-
ing cell does not need to be revised based on these data.
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