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The relationship between a virus and its host involves a complicated interplay
between host restriction factors and immune system components and their viral
antagonists. HIV-1 has a number of accessory genes that have evolved to counteract
specific host factors. This work focuses on the interaction of one of these accessory
genes, Vpu, and one of the proteins it counteracts, BST-2. BST-2 is an interferoninducible protein that acts as a molecular tether, preventing the release of newly
formed enveloped viruses, including HIV-1, from the cell.
This dissertation focuses on three main questions. The first is whether or not
the host restriction factor BST-2 is located at virus-budding sites, where it seems
likely to act, and whether it is actually incorporated into HIV-1 virions during
budding. I found, through electron microscopy, immunocapture, and immunoblot
techniques, that BST-2 is located at budding sites and is incorporated into virions.
The second question entails what the mechanism of tethering and orientation of
the BST-2 protein in the tether is. The findings in this section suggest that the coiledcoil motif in the ectodomain of BST-2 is indispensible for the tethering phenotype. A
specific residue, L70, that when mutated abolishes the ability of BST-2 to tetramerize,
contributes to tethering. Moreover, a parallel dimer model in which BST-2 links the
host cell and virion lipid bilayers was not supported, since enzymatic cleavage of the
GPI-anchor of BST-2 did not release tethered virions.
The final goal of the research was to determine the role of BST-2 during viral
growth and spread in suspension cultures. By using T-cell lines as well as primary
cultures of human lymphocytes, I found that Vpu-deficient HIV-1 spreads more
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quickly than wild type HIV-1, regardless of the presence or absence of BST-2. These
data suggest that Vpu’s influence on viral growth rate is likely multifaceted and is not
a direct reflection of its ability to counteract the restriction imposed by BST-2.
Moreover, the data suggest that the genetically conserved ability of HIV-1 Vpu to
affect the expression of BST-2 might reflect activities of each protein that are not
recapitulated in simple in vitro culture systems.
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Chapter 1: Introduction
1.1 General overview of HIV-1
Human Immunodeficiency Virus (HIV) was first characterized in 1893 by the
laboratories of Robert Gallo at the National Cancer Institute in Bethesda, Maryland
(USA) and Luc Montagnier at the Pasteur Institute in Paris, France (1, 2). This virus
was found to be the causative agent of Acquired Immunodeficiency Syndrome
(AIDS), discovered two years prior in Los Angeles. It is estimated that since 1981
over 25 million people have died of AIDS.
HIV-1 is a pandemic virus, affecting over 34 million people worldwide. A
member of the retrovirus family, HIV is a lipid-enveloped RNA virus and its sequence
is highly mutable. HIV requires host machinery within the cell to replicate and
produce infectious progeny, adding a level of complication to treatment and
eradication of the virus (as it may be difficult or impossible to inhibit essential host
machinery). Additionally, a high level of mutation allows the virus to be adaptable to
changing host conditions as well as avoiding easy eradication by specific therapeutics.
Retroviruses require reverse transcriptase, an error-prone nucleotide polymerase, to
replicate. Additionally, two copies of the RNA genome are encapsulated in each
mature virion, allowing for recombination to occur between the two potentially
sequentially distinct strands. In a phenomenon known as superinfection, a cell may be
infected with two or more viruses, with potentially differing genomes. This
superinfection increases the potential for viral evolution by allowing recombination
between multiple genomes.

1	
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Within the retrovirus family, HIV is further classified as a lentivirus. Like
lentiviruses in other species, such as simian immunodeficiency virus (SIV, which
infects non-human primates) and feline immunodeficiency virus (FIV, which infects
cats), HIV infection results in an infection of immune cells with both acute and
delayed symptoms. Primary HIV infection results in an acute phase typical of many
viral infections, with symptoms including fatigue, and swollen lymph nodes. During
this time, viral RNA in the blood reaches a peak level (usually around 3-6 weeks post
infection). The level of RNA then decreases as the adaptive immune response begins.
As indicated in Figure 1.1, eventually, viral RNA reaches steady-state levels, known
as clinical latency. Without treatment, eventually, the virus exhausts the immune
system, and AIDS is diagnosed when the level of CD4+ T-cells drops below 200. This
renders the host susceptible to opportunistic infections, such as tuberculosis, which
often are responsible for the death of the host.
Thought to have originated from a zoonotic transfer from non-human primates
to humans, from SIVcpz (found in chimpanzees) to HIV-1 and from SIVsm (found in
sooty mangebeys) to HIV-2, the proteins of HIV have many of the same functions as
their SIV counterparts, but are adapted for human proteins and the human host
immune response. The high mutation rate of retroviral replication allowed this transfer
from non-human primates to happen, overcoming any species-specific barriers to
transmission. These barriers typically take the form of host immune factors or other
antagonists, which, in SIV are counteracted by the virus’s accessory proteins, not the
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essential Env, Pol, or Gag proteins but rather the proteins Vif, Vpr, Vpx, and Nef.
These immune factors in non-human primates may have the similar motifs and
functions as those in humans, but specific different amino acid sequences. These
differences in immune factors can provide a barrier to cross-species transmission, for
example, if a human version of the factor cannot be antagonized or counteracted by
any of the viral accessory proteins.
One such example is in the accessory protein, Vpu, which will be the focus of
much of this dissertation. Vpu is found only in HIV-1 and a specific lineage of SIV.
Vpu counteracts CD4, the primary receptor for the virus that also inhibits virion
infectivity, and a newer restriction factor, BST-2 (named for bone marrow stromal cell
antigen 2; also known as HM1.24, CD317, and tetherin), among other cellular targets.
BST-2 is of particular importance as it is an interferon-inducible protein and likely
plays a role in the innate immune response. Moreover, it is thought to have posed a
major barrier to transmission between chimpanzees and humans, as Vpu from SIVcpz
cannot counteract human BST-2. The species-specific differences in the BST-2 protein
and the ability of Vpu to counteract BST-2 proteins of different species will be
discussed later in this introduction.
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Figure 1.1 HIV infection results in both acute and delayed effects on the immune
system.
Figure 1 shows that within 3 months post infection, viral RNA levels and culturable
plasma virus levels (indicated by lines connecting triangles and circles, respectively)
peak, coinciding with a temporary drop in CD4+ T-cells (lines connecting squares).
CD4+ T-cell levels recover as viral RNA levels and plasma viremia drop and reach
relatively stable levels associated with clinical latency until several years after
infection, when CD4+ T-cell levels drop and viral RNA and viremia sharply increase,
coinciding with symptoms and diagnosis of AIDS. Figure adapted from
www.niaid.nih.gov.

	
  

	
  

5

1.2 Replication and life cycle of HIV
The first step in the HIV life cycle is entry into the host cell. This process
requires the expression of at least two entry receptors on the surface of the host cellCD4 and either CXCR4 (for R4-tropic viruses) or CCR5 (for R5-tropic viruses). The
specificity of the virus for either CXCR4 or CCR5 (known as chemokine receptors)
depends on the sequence of the V3 loop in the HIV Env protein (also known as
glycoprotein 120, or gp120)(3). CD4 is always required, regardless of the viral
tropism. During viral entry, gp120 binds CD4 and the appropriate chemokine receptor
at the cell surface. The viral and protein membranes then fuse and the viral capsid is
released into the cell.
Upon cellular entry, the capsid is disassembled and viral proteins and RNA are
released into the cell. Reverse transcriptase produces DNA from the RNA genomic
template, which is then imported into the nucleus of the host cell and inserted into the
host genome by the viral integrase. The viral usurps host machinery at this point and
normal cellular transcription produces RNA transcripts encoding viral proteins. As
indicated in Figure 1.3, the primary transcripts from the viral genome are spliced into
specific mRNAs encoding component proteins after transcription. Additionally, many
of the reading frames overlap and share sequences or RNAs, an example is seen in the
case of Vpu and Env, which are co-expressed from a bicistronic mRNA and overlap in
their coding regions. After viral protein translation and genome production, viral RNA
as well as viral reverse transcriptase, integrase, and protease are encapsulated and
released from the cell, a process known as budding. This budding provides the viral
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envelope around the capsid. For HIV-1 replicating in T cells, this budding process
occurs at the plasma membrane.
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Figure 1.2 The life cycle of HIV
This figure shows the complete life cycle of a virus in a host cell. Figure adapted from
Monini, et al. Nature Reviews Cancer, Nov 2004.
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Figure 1.3 The organization of the HIV genome.
The genome of HIV has a number of open reading frames. Some proteins are
produced as polyprotein precursors, which are subsequently proteolytically processed
into different proteins. An example is given in the Env reading frame above. As
indicated, the gag reading frame results in p17 (matrix), p24 (capsid), and p7
(nucleocapsid); whereas pol results in p11 (protease), p6651 (reverse transcriptase),
and p32 (integrase). The so-called accessory proteins are Vif, Vpr, Vpu, and Nef.
Figure from Costin Virology Journal 2007 4:100
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1.3 Structure and function of Vpu
The basic genes required for lentiviral replication are Gag, Pol, Tat, Rev, and
Env as they provide the necessary machinery for viral packaging, genome
replication/integration, and viral entry, respectively. The accessory genes of HIV-1,
including Nef, Vpu, and Vif, allow the virus to replicate and spread more efficiently
by counteracting host restriction factors and evading cellular immunity. These host
factors inhibit various stages of the HIV life cycle (APOBEC3G, TRIM5a, and BST2) or are a part of the human antigen presentation machinery (MHC-I, CD4)(4). Nef
interacts with CD4 and MHC-I, while Vif interacts with the antiviral factor
APOBEG3G. Vpu interacts with both CD4 and BST-2. In this work, I focused my
efforts on investigating the interactions between HIV-1 protein Vpu and the human
protein BST-2.
Vpu is a 16-kD type I transmembrane protein (5) and was first described in
1988(5). In the late 1980s and early 1990s, Vpu was known to interact with and
downregulate CD4 (primarily by targeting CD4 for degradation via the proteasome),
and to enhance viral release by a recently described mechanism (6-9). Subsequently,
studies revealed two seemingly distinct functional domains within the Vpu protein, the
cytoplasmic tail, primarily responsible for the effects on CD4, and the transmembrane
domain, primarily responsible for enhancing particle release(10). The cytoplasmic
domain of Vpu has an important binding region at serines 52 and 56 that when
phosphorylated bind to β-TrCP (a member of the SCF-ubiqutin ligase complex) and
are essential for downregulation of CD4 (11). The downregulation of BST-2 from the
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cell surface by Vpu is not entirely dependent on the b-TrCP binding region; however,
alteration of this domain does impact the ability of Vpu to target BST-2 for
degradation (12, 13).
Functional studies of the transmembrane domain of Vpu revealed cationspecific channels when combined with other Vpu molecules (14, 15). Investigation of
the cell-type dependence of the effects of Vpu on particle release revealed that Vpu
seemed to counteract a cellular protein that inhibited viral release (16), but not until
2008 was this inhibitor or “restriction factor” identified as BST-2 (17-19). BST-2 is,
like Vpu, a transmembrane protein, but unlike Vpu it has a type II orientation in the
lipid bilayer, and it contains a glycosyl phosphatidylinositol (GPI) anchor at its Cterminus. Later still was the realization that Vpu and BST-2 interact via their
transmembrane domains, thus providing the explanation for the effect of the Vpu
transmembrane domain on virion particle release.
Expression of Vpu-deficient HIV-1 in the presence of BST-2 results in a
markedly reduced release of virus (Figure 1.4), while HIV-1 with Vpu is able to
overcome the BST-2-mediated restriction. Additionally, the presence of Vpu in a cell
reduces the amount of BST-2 expressed on the surface of the cell, as seen in Figure
1.5, which demonstrates this effect microscopically. The ability of Vpu to reduce the
amount of BST-2 at the cell surface can also be readily detected by flow cytometry, as
will be shown subsequently.
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Figure 1.4 Vpu is able to overcome the BST-2-mediated restriction of viral
release
The BST-2 phenotype is demonstrated here using two cell lines. HeLa P4R5 cells
express BST-2, while HEK 293T cells do not express BST-2 (Van Damme et al.
2008). As shown, release of Vpu-deficient HIV is restricted in cells expressing BST-2,
but is uninhibited in the absence of BST-2. Additionally, when Vpu is present, the
BST-2 restriction is overcome. Figure from unpublished data.
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Figure 1.5 Vpu removes BST-2 from the surface of HeLa P4R5 cells
The	
  first	
  column	
  shows	
  uninfected	
  HeLa	
  P4R5	
  cells	
  with	
  BST-‐2	
  shown	
  in	
  red	
  and	
  
nuclei	
  stained	
  in	
  blue.	
  The	
  second	
  column	
  shows	
  multinucleated	
  HeLa	
  P4R5	
  cells	
  
transfected	
  with	
  wild	
  type	
  HIV-‐1	
  pNL4-‐3,	
  a	
  plasmid	
  encoding	
  the	
  complete	
  viral	
  
genome	
  in	
  proviral	
  form.	
  BST-‐2	
  is	
  absent	
  from	
  the	
  perimeter	
  of	
  the	
  
multinucleated	
  cells.	
  A	
  multinucleated	
  HeLa	
  P4R5	
  cell	
  infected	
  with	
  Vpu-‐deficient	
  
HIV-‐1	
  pNL4-‐3	
  is	
  shown	
  in	
  the	
  third	
  column.	
  BST-‐2	
  is	
  present	
  along	
  the	
  cell	
  
perimeter	
  in	
  the	
  absence	
  of	
  Vpu.	
  	
  Figure	
  from	
  Fitzpatrick	
  et	
  al,	
  Plos	
  Pathogens,	
  
2010.
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1.4 BST-2 is an interferon-induced antiviral restriction factor
Antiviral components of the innate immune system are varied and complex.
They may range from cytokines released upon infection that increase immune cell
recruitment to the site of infection, to cellular proteins and mRNAs that are up
regulated to combat the virus directly. To subvert this attempt of the host to clear the
infection, viruses evolved many strategies to circumvent the host’s immune response.
Nef, for example, down-regulates class I MHC from the cell surface, which decreases
viral antigen presentation and provides protection from cytotoxic T lymphocytes (20).
Nef, Env, and Vpu remove CD4 from the cell surface(21). This reduction in CD4
hinders the activation of T-cells by antigen presenting cells (APCs), and it prevents a
negative effect of CD4 on the infectivity of newly formed virions. Another function
of Vpu is to decrease the surface expression of a cellular antiviral protein recently
discovered to inhibit HIV particle release, BST-2.
Bone marrow stromal cell antigen-2 (BST-2) is an antiviral cellular
transmembrane protein found constitutively on and within interferon producing cells
(IPCs) but is induced in other cell types by exogenous application of type-1 interferons
such as IFNa(22). First recognized as overexpressed in multiple myeloma, a plasma
cell tumor, BST-2 is now known to have an inhibitory effect on viral particle release.
BST-2 up-regulation by IFN is detectable at the cell surface. This up-regulation
presumably occurs at the transcriptional level due to the interferon stimulated gene
factor (ISGF) domain in its promoter sequence(23). The BST-2 promoter contains
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potential binding sites for STAT1, which is a transcription factor induced by IFNa.
IFNa up-regulates BST-2 at the surface of non-natively BST-2 producing cells, such
as HEK 293T cells(19). This differential expression of BST-2 in a cell-type
dependent manner is crucial to this dissertation. The induction of BST-2 by interferon
alpha, and the constitutive expression of BST-2 on interferon-producing cells, led to
the hypothesis that BST-2 is involved in the immune response, possibly at the level of
antigen presentation but certainly at the level of a system-wide response within the
host to viral infection.
Until recently, BST-2 was best known as a marker for B-cells; inhibition of
viral release and the functional interaction of BST-2 with the HIV accessory protein
Vpu are recent concepts. Wild type virus, containing a functional vpu gene, readily
buds from cells, such as HeLa, that constitutively express BST-2 on their surface (9,
16, 24). HIV-1 that lacks a functional vpu is not able to overcome the antiviral effects
of BST-2 and remains stuck or “tethered” to the cell surface. Tethered virions are
likely endocytosed (9) due to BST-2’s association with clathrin-based endocytic
machinery(25). Additionally, the presence of Vpu, with or without the complete HIV
proteome, causes down-regulation of BST-2 at the cell surface, as shown in Figure
1.5(19). These results indicate an evolutionary mechanism utilized by HIV to
counteract the host’s innate antiviral immunity as provided by BST-2. The
relationship between BST-2 and Vpu in terms of the exact protein-protein interaction
has not been fully elucidated, however published data indicate that Vpu mediates
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down-modulation of BST-2 partly via a β-TrCP/ubiquitination pathway and partly via
membrane trafficking events (12).
Structural data on BST-2 is also not fully elucidated; however, based on the
sequence and computer modeling it appears that BST-2 contains a single helical
transmembrane domain followed by a helix-loop-helix motif, ending in a
glycosylphosphatidyl inositol (GPI) anchor at the C-terminus ((26) and unpublished
data). This GPI link to the plasma membrane renders the protein likely to be found in
cholesterol-enriched rafts, the site of HIV budding(27, 28). Additionally, there are two
sites for glycosylation modification in the extracellular domain of the protein as well
as three cysteines that provide locations for disulfide bonds. These sites could play a
role in the interactions of BST-2 with cell surface molecules, including BST-2 itself.
BST-2 is in fact known to form disulfide-linked dimers. However, this is not the only
means of multimerization: based on coiled-coil prediction models, BST-2 could form
coiled-coil-based interactions with itself. These domains are highly conserved among
species with BST-2 genes, as indicated in Figure 1.6.
The subcellular localization of BST-2 is primarily on the surface of the cell, as
seen in Figure 1.5, as well as internal cellular membrane compartments including the
endoplasmic reticulum (ER) and endosomes. Figure 1.7 shows that when BST-2 and
Gag are both present in a cell, they co-localize both at the cell surface and within the
cell. It is unknown whether BST-2 recruits Gag, or if Gag recruits BST-2, or if both
proteins tend to cluster in cholesterol-enriched lipid rafts.
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Figure 1.6 Sequence homology among species indicates conserved regions in the
BST-2 gene
Species represented include human, rhesus macaque, mouse, and rat. Conserved
regions include the coiled-coil (indicated by the coils above the sequence), the
transmembrane region (indicated by TMR between / marks), and the GPI
modification. Figure from Hinz et al., Cell Host Microbe 2010.
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Figure 1.7 BST-2 co-localizes with HIV-1 Gag
A. Immunofluorescence microscopy showing overlap of BST-2 (red) and p17/p55 Gag
(blue) in cells infected with wild type or Vpu-deficient HIV-1. B. Statistical analysis
of BST-2/Gag overlap, showing increased overlap in Vpu-deficient samples. Figure
adapted from Mitchell, et al., Plos Pathogens, 2009.
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1.5 Objective of the dissertation
Chapter 2 of this thesis focuses on the question of whether BST-2 is positioned
appropriately at the cell surface to serve as a direct tethering factor. It also addresses
the question of viral incorporation of BST-2. During viral budding, BST-2 tethers
virions to the surface of the cell; however, some viruses escape this restriction. I used
a number of methods, including Transmission Electron Microscopy (TEM) and
immunocapture of infectivity, to determine that virions produced in the presence of
BST-2 contain BST-2 within the envelope, even when Vpu is expressed. Secondarily,
Chapter 2 contains information regarding the mechanism of tethering, specifically the
orientation of the BST-2 molecule within the tether structure.
Chapter 3 investigates the tethering mechanism more closely, following up the
work in Chapter 2 with additional enzymatic treatments of tethered virions as well as a
mutagenesis study to investigate residues or motifs necessary for the tethering
phenotype of BST-2.
Chapter 4 of this dissertation presents work done to investigate the effects of
BST-2 and Vpu on viral spread. This chapter also presents Vpu mutants, some of
which are new, designed to select for specific functions of Vpu: either downregulation
of CD4 or BST-2 or both. I measured the spread of wild type, Vpu-deficient, or Vpumutant HIV-1 in T-cell lines with and without BST-2 and in Peripheral Blood
Mononuclear Cells (PBMCs). I found that Vpu-deficient and Vpu-mutant virus spread
more quickly than wild type in all cell types, regardless of the presence or absence of
BST-2. This led me to investigate the role of CD4 in viral spread, where I found that
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Vpu-deficient virus transfer more efficiently to new target cells in a CD4-independent
manner. Overall, the data in Chapter 4 suggest that effect of Vpu on viral propagation
is multifaceted, and they suggest that the conserved ability of Vpu to downregulate
BST-2 might have effects beyond those that are detectable during in vitro culture.

	
  

	
  
Chapter 2: Direct Restriction of Virus Release and Incorporation of the
Interferon-Induced Protein BST-2 into HIV-1 Particles
2.1 Background
Prior to the work on this paper, it was known that BST-2 tethers virus at the
budding step and that Vpu overcomes this restriction. It was also known that tethered
virions could be attached not only to the cellular membrane, but also to each other in a
bead-on-a-string-like fashion. In this work, I, along with my collaborators in the
Guatelli and Ellisman Laboratories, used a number of techniques to prove that BST-2
is localized in accordance with the above model at virus-assembly and budding sites,
and it is incorporated into infectious virions. The assistance of the Ellisman
Laboratory, specifically Tom Deerink and John Crum, was invaluable with regard to
the electron microscopy work.

2.2 Contribution to the work
With the assistance of Tom Deerink and John Crum in Mark Ellisman’s
laboratory, I prepared the infected cell samples for TEM, operated the TEM, and
collected images for development. Tom digitally extracted the images from the
original negatives in the microscope. I also performed the immunocapture assay and
the chemical and enzymatic viral release assays. Mark Skasko assisted with Figure 4
as well as with the editing of the manuscript. John Guatelli and I were the primary
authors of the manuscript

20	
  

	
  

21

2.3 Results
Published manuscript- Fitzpatrick, K., Skasko, M.A., Deerink, T.J., Crum, J.,
Ellisman, M.H., and Guatelli, J.C., Direct Restriction of Virus Release by
Incorporation of the Interferon-induced Protein BST-2 into HIV-1 Particles.
PLoS Pathog., 2010 March; 6(3).

	
  

	
  

22

Direct Restriction of Virus Release and Incorporation of
the Interferon-Induced Protein BST-2 into HIV-1 Particles
Kathleen Fitzpatrick
Guatelli 1,4 *

1

, Mark Skasko

1

, Thomas J. Deerinck

2,3

, John Crum

2,3

, Mark H. Ellisman

2,3

, John

1 Department of Medicine, University of California San Diego, La Jolla, California, United States of America, 2 Department of Neurosciences, University of California San
Diego, La Jolla, California, United States of America, 3 National Center for Microscopy and Imaging Research, University of California San Diego, La Jolla, California, United
States of America, 4 San Diego Veterans Affairs Healthcare System, San Diego, California, United States of America

Abstract
Investigation of the Vpu protein of HIV-1 recently uncovered a novel aspect of the mammalian innate response to
enveloped viruses: retention of progeny virions on the surface ofi nfected cells by the interferon-induced, transmembrane
and GPI-anchored protein BST-2 (CD317; tetherin). BST-2 inhibits diverse families of enveloped viruses, but how it restricts
viral release is unclear. Here, immuno-electron microscopic data indicate that BST-2 is positioned to directly retain nascent
HIV virions on the plasma membrane ofi nfected cells and is incorporated into virions. Virion-incorporation was confirmed
by capture ofi nfectivity using antibody to the ectodomain of BST-2. Consistent with a direct tethering mechanism, we
confirmed that proteolysis releases restricted virions and further show that this removed the ectodomain of BST-2 from the
cell surface. Unexpectedly, enzymatic cleavage of GPI anchors did not release restricted virions, weighing against models in
which individual BST-2 molecules span the virion and host cell membranes. Although the exact molecular topology of
restriction remains unsolved, we suggest that the incorporation of BST-2 into viral envelopes underlies its broad restrictive
activity, whereas its relative exclusion from virions and sites of viral assembly by proteins such as HIV-1 Vpu may provide
viral antagonism of restriction.
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antagonism of BST-2 by viral gene products is its removal from
the cell surface, the presumed site of virion-tethering activity.
The innate defense against viruses includes specific host cell
An unusual membrane topology, localization in cholesterol
proteins with intrinsic abilities to restrict viral replication. In some enriched membrane microdomains, and homo-dimerization may
cases these restriction factors have been linked to classic aspects of each be key to BST-2’s restrictive activity. BST-2 binds the lipid
the innate immune response, such as the antiviral state induced by bilayer twice, via both an N-terminal transmembrane domain and
type I interferons. To replicate in this hostile environment, viruses a C-terminal GPI anchor [8]. This topology leads to the
encode specific antagonists of restriction factors [1]. Several of the hypothesis that BST-2 retains virions by directly spanning the
so-called accessory proteins of primate immunodeficiency viruses lipid bilayers of the virion and host cell. Many enveloped viruses
have been recognized as such antagonists. For example, the HIV-1 including HIV-1 and Ebola bud from cholesterol-enriched
accessory protein Vpu was long known to enhance the release of membrane domains in which BST-2 is enriched [15,16]. These
progeny virions from infected cells, potentially by antagonizing an observations lead to the hypothesis that BST-2 is incorporated into
intrinsic cellular restriction to virion-release [2,3]. The study of this virions as part of the mechanism of restriction. BST-2 forms
phenomenon led to the discovery of the antiviral activity of a disulfide-linked dimers [6]. This observation leads to the hypoprotein with no previously known function, BST-2 (also known as thesis that the molecular topology of restriction includes dimeHM1.24 and CD317), now referred to as a ‘‘tetherin’’ based on
rization between virion- and cell-associated BST-2.
its ability to retain nascent virions on the surface ofi nfected
Here, we show that BST-2 is positioned to directly retain virions
cells [4–6]. BST-2 is an interferon-induced, transmembrane
on the surface ofi nfected cells and is incorporated into virions. We
and GPI-anchored protein that restricts the release of a number confirm that virions retained on the cell surface can be released by
of enveloped viruses including all retroviruses tested as well as proteolysis, but find that they are not released by cleavage of GPImembers of the arenavirus (Lassa) and filovirus (Ebola and anchors with phosphatidyl inositol specific phospholipase C or by
Marburg) families [7–10]. However, how BST-2 mediates the
disulfide reduction with dithiothreitol. Although these findings
retention of nascent virions is unclear. Viral antagonists of BST-2 leave the precise configuration of the BST-2 molecules that restrict
include the HIV-1 Vpu, HIV-2 Env, SIV Nef, Ebola glycoprotein,
release unsolved, they support a model in which BST-2 incorand KSHV K5 proteins [4,5,11–14]. A common feature of the
porates into virions to directly restrict their release from the
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Author Summary
The cellular protein BST-2 prevents newly formed particles
of HIV-1 and other enveloped viruses from escaping the
infected cell by an unclear mechanism. Here, we show that
BST-2 is appropriately positioned to directly retain newly
formed HIV-1 virions on the cell surface and is incorporated into infectious virions. We suggest that the incorporation of BST-2 into virions is a key aspect of the protein’s
broadly restrictive activity against enveloped viruses.
plasma membrane. This mechanism may be broadly applicable to
the inhibition of enveloped viruses by BST-2.

Results
BST-2 is present along the plasma membrane in a
punctate distribution and is positioned to directly tether
budding virions

To test the hypothesis that BST-2 is positioned along the plasma
membrane appropriately to directly tether virions, we visualized
the location of the molecule using correlative fluorescence and
electron microscopy. To accomplish this, we labeled the surface of
HeLa cells, which express BST-2 constitutively [5], with a specific

antibody that recognizes the BST-2 ectodomain [17]. This
antibody was secondarily labeled with cadmium selenide/zinc
sulfide nanocrystals (QDots) that are both fluorescent and electron
dense; this property allowed cells labeled identically to be observed
by either light or electron microscopy [18]. The surfaces of cells
labeled for BST-2 were characterized by a punctate staining
pattern when visualized by fluorescence microscopy (Figure 1A
and Figures S1 and S2). This pattern has been noted previously
using routine fluorophores [9,19]. In cells expressing HIV-1, these
puncta appear to contain Gag as well as BST-2 and have been
hypothesized to reflect sites of virion-formation; in uninfected cells
their identity is unclear. Here, in cultures transfected to express the
vpu,
complete HIV-1 genome including the BST-2 antagonist gene
some cells were characterized by reduced or absent surface
staining (Figures 1B and S1). In particular, multinucleated cells
resulting from virally induced cell-cell fusion were strikingly low in
surface BST-2 (Figures 1B and S1), consistent with the previously
described reduction in the expression of cell-surface BST-2
induced by Vpu [5]. In contrast, no reduction in surface stain
was seen when cells were transfected to expressvpu
a -negative
HIV-1 genome; in this case, multinucleated cells resulting from
virally induced cell-cell fusion expressed abundant BST-2 on their
surfaces (Figures 1C and S1). Together, these data indicated that
the QDot-based stain for BST-2 revealed the previously noted

Figure 1. Punctate cell surface distribution of BST-2 and surface down-regulation by HIV-1 encoding the Vpu protein.
HeLa cells were
left untransfected (A) or transfected with a plasmid expressing the complete wild type HIV-1 genome (B) or with a plasmid expressing an HIV-1
genome lacking vpu (C). The next day, the cells were fixed and stained without permeabilization using an antibody to the BST-2 ectodomain and a
secondary labeling system including streptavidin-conjugated cadmium selenide/zinc sulfide nanocrystals (quantum dots; Qdot 625 nm). Nuclei were
stained with DAPI. Data were acquired as a Z-series ofi mages using an Olympus laser scanning confocal microscope. The images shown are
projections of the entire Z-series for each field. (D) HeLa cells (untransfected) were plated on cover glasses, then fixed in formaldehyde and stained for
surface BST-2 exactly as described above using Qdot 625 nanocrystals. After staining, the cells were further fixed in glutaraldehyde and osmium
tetroxide, followed by conventional embedding and processing for thin-section transmission electron microscopy. Images were obtained using a
JEOL 1200C microscope operated at 80 keV.
doi:10.1371/journal.ppat.1000701.g001
PLoS Pathogens | www.plospathogens.org

2

	
  

March 2010 | Volume 6 | Issue 3 | e1000701

	
  

24

Direct Retention of Cell Surface Virions by BST-2

punctate surface pattern, and it faithfully revealed the removal of with an isotype-matched control antibody, an antibody to CD44,
BST-2 from the cell surface by Vpu as expressed in the context of or an antibody to CD45. The virion-antibody complexes were
the complete viral genome.
then captured on coated magnetic microbeads and used to infect
To determine the distribution of BST-2 at the ultrastructural adherent CD4-positive HeLa indicator cells in an infectious center
level and in relation to nascent HIV virions, cells stained in an assay of HIV-1 infectivity (Figure 3A-C). CD44 is incorporated
identical manner to those shown in Figure 1A-C were processed into virions and served as a positive control for the capture [20].
for transmission electron microscopy. In uninfected cells, BST-2 CD45 is excluded from virions produced from hematopoietic cells
was found in foci along the plasma membrane (Figures 1D and [21], but here it serves only as a second specificity control, since
S2), which likely correspond to the puncta seen using immuno- CD45 is not known to be expressed on HeLa cells. Strikingly,
fluorescence. Some of these foci were associated with endocytic antibody to BST-2 captured infectious virus from solution, both in
pits, which appeared either coated or uncoated, whereas other the case of wild type andvpu-negative genomes. In contrast,
foci were not associated with any apparent structure. In cells infectious virus (wild type) produced from HEK293T cells, which
expressing the complete HIV-1 genome includingvpu, surface
do not express BST-2 constitutively [4,5], was not captured by
labeling was often relatively sparse, even in areas of clustered viral antibody to BST-2 (Figure 3D). Capture of virions produced from
particles (Figure 2A). Such paucity ofl abel is consistent with the HeLa cells by antibody to BST-2 was confirmed by measurement
reduced surface expression visualized by fluorescence microscopy. of viral capsid (p24) antigen by ELISA (Figure 3E). The efficiency
These wild type viral particles showed both immature (crescentic of capture as measured by infectivity or p24 ELISA was not
electron density along the perimeter of the budding virion), as well significantly affected by Vpu; this suggests either that Vpu does not
as mature morphology (electron dense cores with occasional significantly decrease the incorporation of BST-2 into virions
conical shape). In contrast, in cells expressing
vpu-negative virus,
or that both wild type andvpu-negative virions incorporate a
BST-2 was readily detectable at the cell surface (Figure 2B). threshold amount of BST-2 sufficient for capture. ImmunoFurthermore, label was intercalated between the plasma mem- capture of three independent sets of wild type and
vpu-negative
brane and nascent virions as well as between nascent virions found virus preparations confirmed the incorporation of BST-2 into
in clusters, most of which had a mature morphology. Occasionally, infectious virions of HIV-1 (Figure 3 and data not shown).
striking examples ofl abel concentrated at the neck of budding Immunoblot analysis also supported the conclusion that BST-2
virions in the case ofvpu-negative virus were observed (Figure 2B, is incorporated into virions and further suggested that Vpu inhibits
inset). These electron microscopic data indicated that BST-2 is this (Figure 4, in which virions produced from HeLa cells and
positioned appropriately to function as a direct tethering factor. concentrated by centrifugation were analyzed). Remarkably, when
normalized by the volume of the original culture supernates
(Figure 4A, left panel), preparations of wild type virions contained
BST-2 is incorporated into infectious HIV-1 viral particles
To determine whether BST-2 is incorporated into virions, we more BST-2, as well as more p24 capsid protein, than virions
looked for profiles of budding virions and for profiles of virions produced byvpu-negative virus. This difference in BST-2 contents
distant from the cell surface. Surprisingly, wild type virions were in the volume-normalized samples suggests that the signal was
derived from virions and not merely cellular debris or exosomes; if
not infrequently labeled for BST-2 (Figure 2C and E; see Figure
S3 for control stain). This result is consistent with functional data the latter were the case, then the volume normalized samples from
indicating that Vpu is not a fully effective antagonist of BST-2 [5], cultures expressing wild type virus should have contained less
and it is consistent with the virion-capture and immunoblot BST-2, due to Vpu-mediated down-regulation. In contrast, when
experiments described below. In rare cases, label for BST-2 was the preparations of virions were normalized by their contents of
found directly between virions that appeared linked to each other p24 antigen, BST-2 was essentially only detectable in the absence
(Figure 2E). In the case ofvpu-negative virus, label was particularly of Vpu (Figure 4A and B). The apparent association of BST-2 with
evident among and between virions caught at a distance from the virions and a relative decrease in the content of BST-2 in virions
plasma membrane (Figure 2D and F). Potential association of such produced in the presence of Vpu was observed in three indelabel with the plasma membrane was excluded by electron pendent preparations. These observations were robust to filtration
tomography of thick sections; reconstructed three-dimensional of the virion preparations through 0.22mM pore size membranes,
images confirmed the presence ofl abeled virions that were suggesting that the detection of BST-2 was not due to the presence
unambiguously discontinuous with the plasma membrane (Figure of aggregates of BST-2-containing cellular vesicles and virions
2G and Video S1). Although substantial variability was observed (data not shown). Interestingly, the relatively greater phenotype of
in the density ofl abel for BST-2 on and between individual vpudetected in this assay (an apparent 40-fold increase in virion
virions, visual inspection of 38 images yielded 358 virions with 149 output) as compared to that detected by measurement of p24 in
virion-associated Qdots in the case of wild type virus and 327 unfractionated culture supernatants by ELISA (a 5–8-fold
increase; see Figures 5 and 6) may be due to a reduced fraction
virions with 302 associated Qdots in the case of
vpu-negative virus,
indicating a 2.3-fold greater association ofl abel with virions in the of pelletable p24 when virions are produced in the absence of Vpu
absence ofvpu. These immuno-electron microscopic data indicated (data not shown). Notably, virions produced in the absence of Vpu
that BST-2 is incorporated into virions. The data were also contained, in addition to a triplet of species that migrated with
consistent with a model of viral antagonism in which Vpu apparent molecular mass in the range of 27–37 kDa (likely
decreases the density of BST-2 at sites of virion assembly and representing heterogeneously glycosylated BST-2), two bands of
within virions themselves.
under 20 kDa in apparent mass. These species are less than the
To validate the incorporation of BST-2 into virions, we devised predicted size of unmodified BST-2 (20 kDa), and their identity is
a bead-based virion-capture assay using the same antibody as was unknown; conceivably, they could represent proteolysis of higher
used above for the morphologic studies. A key feature of this assay mass forms. Overall, these immunoblot data, like the results of
is the virologic readout ofi nfectivity, allowing confirmation that immuno-electron microscopy and immuno-capture, support the
BST-2 is incorporated into bona fide infectious virions (Figure 3A- conclusion that BST-2 is incorporated into virions. Furthermore,
C). Preparations of cell-free virions produced from BST-2-positive the immunoblot results suggest that Vpu reduces the virion-incorHeLa cells were mixed with antibody to the BST-2 ectodomain, or poration of BST-2.
PLoS Pathogens | www.plospathogens.org
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Figure 2. Electron microscopic evidence of direct virion tethering and virion-incorporation of BST-2.
HeLa cells were transfected to
express the complete HIV-1 genome (wild type; A, C, and E) or a genome lacking vpu (Dvpu; B, D, F, and G), then stained for cell surface BST-2 and
processed for electron microscopy as described in the legend of Figure 1. Panels A-F are images of thin sections obtained using a JEOL 1200C
microscope operated at 80 keV. Panel G is a projection view of a thick section (approximately 250 nm) derived from a tomographic tilt series of
images obtained using an FEI Titan electron microscope operated at 300 keV.
doi:10.1371/journal.ppat.1000701.g002
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Figure 3. Capture ofi nfectious HIV-1 virions using antibody to BST-2.
A. HIV-1 virions were produced by transfection of HeLa cells, which
express endogenous BST-2, either with a plasmid expressing the wild type HIV-1 genome or a genome lacking vpu (Dvpu). Forty-eight hours later,
cell-free culture supernatants were collected, incubated with antibody to CD44, BST-2, CD45, or an IgG2a isotype control, then captured using
magnetic microbeads coated with staphylococcal protein G. Immuno-captured virions were resuspended in the original culture volumes. Virions,
uncaptured or captured using the indicated antibodies, were used to infect CD4-positive HeLa cells containing an LTR-b-galactosidase indicator
construct. Two days later, infectious centers were visualized by incubation with X-gal to generate blue colored foci. Images ofi ndividual wells were
acquired using a CCD camera. The wells shown are the result ofi nfection using undiluted preparations, which were each equivalent to 200 ml of the
original, uncaptured cell-free culture supernatants. The uncaptured preparation of wild type virus contained five-fold more HIV-1 p24 capsid antigen
than that of Dvpu, consistent with the restriction of virion-release by endogenous BST-2 and counteraction by Vpu (data not shown). B and C. An
independently prepared set of virions was produced from HeLa cells, subjected to immuno-capture, and infectivity was measured as described for
panel A. Each preparation was serially diluted as shown (‘‘0’’ indicates undiluted sample) and used to infect CD4-positive HeLa cells in duplicate.
Infectious centers were counted using image analysis software; error bars are the actual values of duplicate wells and in some cases are too small to
see. The data shown are representation of three independent experiments. D. Virions (wild type) were produced by transfection of HEK293T cells
lacking endogenous BST-2, subjected to immuno-capture using antibody to BST-2 or an antibody isotype control, and infectivity was measured as in
panels B and C. Data are the averages of duplicate wells; the error bars are too small to see. E. The fraction of the total viral p24 capsid antigen that
was recovered in these immuno-capture experiments was measured using an ELISA. Error bars are the standard deviation of values obtained from
three capture experiments using independent preparations of viruses made from HeLa cells.
doi:10.1371/journal.ppat.1000701.g003
PLoS Pathogens | www.plospathogens.org

5

	
  

March 2010 | Volume 6 | Issue 3 | e1000701

	
  

27

Direct Retention of Cell Surface Virions by BST-2

Figure 4. Virion-associated BST-2 detected by immunoblot.
HIV-1 virions were produced by transfection of HeLa cells, which express
endogenous BST-2, either with a plasmid expressing the wild type HIV-1 genome or a genome lacking vpu. Twenty-four hours after transfection,
culture supernatants were centrifuged at 800 g for 8 minutes to remove cellular debris. Virions were concentrated by centrifugation of the clarified
supernatants at 23,000 g for three hours, and then resuspended in SDS- and DTT-containing buffer for quantitation of p24 capsid by ELISA and for
analysis of BST-2 and p24 content by western blot. A. Blots were probed for BST-2. Left lanes were normalized by volume: the wild type sample
contained 85 ng of p24 antigen, whereas the Dvpu sample contained 4 ng of p24 antigen. The greater p24 content of the wild type preparation
reflects the antagonism of BST-2 mediated restriction of virion-release by Vpu. Right lanes were normalized by p24 antigen content (5 ng for each
sample as determined by ELISA). B. Samples analyzed in A were reanalyzed including a dilution series of wild type virions and detection of p24
antigen by immunoblot. Stars indicate lanes with approximately equal content of p24. Western blots for BST-2 were performed as previously
described [19]. Molecular weights are in kilodaltons.
doi:10.1371/journal.ppat.1000701.g004

protein (Figure 5D and [4]). Alternatively, one end of BST-2 could
embed in the lipid bilayer of the cell and the other in that of the
virion. Such membrane-spanning models are depicted in Figure
5E and F; notably, BST-2 dimers could span the virion and host
To support further a direct tethering model, we confirmed that
membranes in parallel or anti-parallel orientations.
proteolysis with subtilisin releases virions retained on the cell
Here, release of nascent virions was not obtained by incubation
surface [Figure 5A, in which the black bars indicate the fraction of
of virus-producing cells with phosphatidyl inositol (PI)-specific
the total amount of p24 capsid antigen produced by the culture
phospholipase C (PLC), which is expected to cleave the GPIthat was spontaneously released into the medium after transfection
anchor of BST-2 (Figure 6A). Because BST-2 remains attached to
with wild type orvpu-negative D
( vpu) proviral plasmids; the dark
the cell surface by its transmembrane domain after cleavage ofi ts
gray bars indicate the fraction of the total that was further eluted
GPI anchor (data not shown), PI-PLC activity was validated using
from the cells with buffer (control) or subtilisin; and the light gray
CD55 (decay accelerating factor), which is a typical GPI-anchored
bars indicate the fraction of the cell-associated p24 that was eluted
protein (Figure 6D; in which PI-PLC effectively removed CD55
with buffer or subtilisin] [22]. The fractional elution of p24 was
from the cell surface). These data weighed against the membranegreater in the absence of Vpu, consistent with a greater number of
spanning parallel dimer model of Figure 5F. Incubation of cells
virions initially retained at the cell surface. Notably, these
with dithiothreitol (DTT) to reduce disulfide bonds also failed to
quantitative data indicated that the total fraction of p24 releasable
release virions (Figure 6B), weighing against a self-interaction
from the cells (adding that released spontaneously to that released
mechanism mediated exclusively by disulfide bonds. Incubaby proteolysis with subtilisin; open bars in Figure 5A) is greater in
tion with PI-PLC followed by DTT (Figure 6C) also failed
the case of wild type thanDvpu. The ‘‘non-releasable’’ p24 in the
to release virions, weighing against an anti-parallel, disulfide
case of cells expressingvpu-negative virus presumably reflects
linked, membrane-spanning model (Figure 5E). These data do not
virions that have been endocytosed subsequent to restricted release
provide direct support for any specific topology of restriction, but
and are not accessible to proteolysis. We further showed that
they leave open the possibility that the model shown in Figure
proteolysis with subtilisin indeed acts on BST-2; it largely removed
5D is operative via a coiled-coil based interaction between the
the BST-2 ectodomain from the cell surface as detected by flow
ectodomains of virion- and cell-associated BST-2.
cytometry (Figure 5B), and it degraded the ectodomain in vitro
(Figure 5C). These results are consistent with direct tethering
mediated by BST-2, but they do not discriminate among several Discussion
potential topological models of restriction (Figure 5, D-F).
The interferon induced, GPI-anchored and transmembrane

Release of nascent virions from the surface ofi nfected
cells by proteolysis of the BST-2 ectodomain supports a
direct tethering model of restriction

protein BST-2 restricts the release of enveloped virions from
infected cells by an unclear mechanism. Here, the prototypic
restricted virus, HIV-1, and the prototypic viral antagonist proThe preceding data suggest that the incorporation of BST-2 tein, Vpu, were used to investigate this mechanism. The data
into viral envelopes and a direct tethering mechanism underlie its provide key initial support for a model in which BST-2 is a direct
restrictive activity. However, the topology of the BST-2 molecules tethering factor that is itselfi ncorporated into infectious virions.
Recent reports have questioned the incorporation of BST-2 into
that mediate the retention of nascent virions remained unclear.
One hypothesis is that virion-associated BST-2 interacts directly virions and the co-localization of BST-2 with virion proteins,
with cell surface BST-2, potentially via disulfide bonds but alter- leaving a direct tethering model of restriction unsupported [23,24].
natively via predicted coiled-coil regions in the ectodomain of the An inability to detect BST-2 in virions by immunoblot may be

The topology of virion restriction: neither PI-PLC nor DTT
releases nascent virions from the surface ofi nfected cells
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Figure 5. Release of nascent virions and the BST-2 ectodomain by proteolysis of the cell surface with subtilisin; models of direct
tethering. A. HeLa cells were transfected to express the complete HIV-1 genome (WT) or a genome lacking vpu (DVpu). The next day, culture
supernatants were removed to measure the amount of spontaneously released virions (‘‘culture sup’’). The cells were then incubated with buffer
(control) or buffer containing 1 mg/ml subtilisin for 15 minutes at 37C. Proteolysis was stopped by the addition of PMSF to 5 mM; the cells were
pelleted, and the supernatants were removed to measure the amount of virions released (‘‘subtilisin sup’’). The cells were then directly lysed into
Triton-X 100 containing buffer to measure cell-associated viral antigen. The concentrations of HIV-1 p24 capsid antigen were measured in all samples
by ELISA. ‘‘Total’’ indicates the total p24 antigen produced by the culture, i.e., the sum of that released spontaneously, after incubation with buffer or
subtilisin, and cell-associated. ‘‘Cellular total’’ indicates the amount of p24 antigen initially associated with the cells, i.e., the sum of that released by
buffer or subtilisin and cell-associated. ‘‘Culture+subtilisin sup’’ indicates the total amount of p24 antigen releasable from the cell surface, i.e., the sum
of that released spontaneously and after incubation with buffer or subtilisin. Data are the percentages of p24 released; error bars indicate the values
of duplicate measurements. B. HeLa cells were treated with buffer or subtilisin as above; proteolysis was quenched as above; and the cells were
stained with antibody to the BST-2 ectodomain or with an isotype control antibody, and then analyzed by flow cytometry. Lightly shaded curve,
antibody isotype control; unshaded curve, BST-2 after proteolysis of the cell surface using subtilisin; darkly shaded curve, BST-2 on untreated cells. C.
Soluble BST-2 ectodomain (residues 49–180 as described previously [6]) was incubated with the indicated amounts of subtilisin for fifteen minutes
before analysis by SDS-PAGE and detection by immunoblot with antibody specific to the BST-2 ectodomain. D. Model of ectodomain interaction. E.
Model of virion-cell membrane spanning dimer: anti-parallel orientation. F. Model of virion-cell membrane spanning dimer: parallel orientation.
doi:10.1371/journal.ppat.1000701.g005

attributable to insufficient sensitivity of the assay, whereas it is
more difficult to explain the reported negative data for colocalization. Here, a combination of morphologic, virologic, and
biochemical approaches provided evidence supporting direct
tethering and virion-incorporation of BST-2.
Evidence that BST-2 is incorporated into virions was provided
by immuno-electron microscopy, immuno-capture ofi nfectious
virions, and routine immunoblot. The immuno-electron microscopic data specifically localized BST-2 as adjacent to virions,
between virions and the plasma membrane, and in rare instances
PLoS Pathogens | www.plospathogens.org
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between virions that were linked to each other. The electron
microscopic data also suggested that the punctate distribution of
BST-2 seen at the cell surface by fluorescence microscopy is only
partly due to the occurrence of the protein in endocytic pits. Many
of the foci seen along the plasma membrane were not associated
with any apparent structure. Intriguingly, these foci could
represent membrane microdomains containing BST-2, such as
cholesterol-enriched lipid rafts, although we cannot exclude that
they reflect antibody-induced lateral aggregation of BST-2 within
the lipid bilayer.
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Figure 6. Persistence of virion tethering despite cleavage with PI-specific PLC either with or without disulfide reduction.
Experiments
were performed as described in the legend of Figure 5, except that rather than subtilisin, specific treatments were used to test models of tethering. A.
Release data using bacterial phosphatidyl inositol-specific phosphoplipase C (PI-PLC; 2.5 U/ml). B. Release data using 5 mM dithiothreitol (DTT) at
37C. C. Release data using PI-PLC followed by DTT. In panels A-C, data are the percentages of p24 released; error bars indicate the values of duplicate
measurements. D. Confirmation of PI-PLC activity using CD55 (decay accelerating factor) as a control protein. HeLa cells were stained with either a
FITC-conjugated isotype control antibody (dotted line), or a FITC conjugated specific antibody to CD55 (dark-outlined open curve and shaded curve),
before analysis by flow cytometry. Cells treated with PI-PLC (2.5 U/ml) are indicated by the dark-outlined open curve, whereas control cells incubated
in buffer only are indicated by the shaded curve.
doi:10.1371/journal.ppat.1000701.g006

Somewhat surprisingly, immuno-electron microscopy, immuno- equally well; this may reflect a threshold amount of virioncapture ofi nfectious virions, and routine immunoblot each associated BST-2 required for immuno-capture that is met by
indicated that virions produced in the presence of Vpu are not virions produced in either context. Altogether, these data indicate
devoid of BST-2. However, immunoblot, and to a lesser extent the presence of BST-2 in virions. The data also support a relative
electron microscopy, suggested that Vpu decreases the amount of but not absolute exclusion of BST-2 from virions by Vpu.
BST-2 in virions. Notably, antibody to the BST-2 ectodomain
One of two topological models has seemed likely to explain
captured virions produced in the presence or absence of Vpu restriction mediated directly by BST-2: a membrane spanning
PLoS Pathogens | www.plospathogens.org
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model in which BST-2 embeds one end in the cell membrane and virions. In this regard, we note the potential for virion-associated
the other in the virion membrane, or a self-interaction model in BST-2 to interact with ligands, including itself, on immune effector
which virion-associated and cell-surface-associated BST-2 mole- cells. BST-2 is constitutively expressed, at least in mice, on
cules interact via their ectodomains. Here, we found no direct plasmacytoid dendritic cells (PDCs), as well as on B cells and
support for membrane spanning models; phosphatidyl inositol- activated T cells in humans [7,27]. Considering the incorporation
specific phospholipase C (PI-PLC), either with or without disulfide of BST-2 into virions and the potential for interaction between
reduction, failed to release virions retained on the surface of BST- virion- and cell-associated BST-2, we speculate that in addition
2-expressing cells. These results weigh against membrane spanning to its direct antiviral activity as a tetherin, BST-2 might flag
models involving parallel dimers or anti-parallel dimers held enveloped viruses for subsequent binding to PDCs and B-cells,
together by disulfide bonds. A caveat to this interpretation is which are antigen-presenting cells, and so stimulate the host
that the failure of PI-PLC to release virions could be due to adaptive immune response. Recently, BST-2 was identified as a
modification of the GPI anchor of BST-2 such that it is resistant to ligand for a receptor on PDCs, ILT7, which transduces a signal for
this enzyme, a possibility not excluded by the enzyme activity shut-offofi nterferon production [28]. Based in these findings and
control herein (release of CD55). As noted above, PI-PLC did not the data herein, we also speculate that virion-associated BST-2
release BST-2 from the cell surface, consistent with membrane might provide negative feedback to the interferon response. These
anchoring by the protein’s transmembrane domain (data not mechanisms would place BST-2 at the interface ofi nnate and
shown); consequently, we could not validate the activity of PI-PLC adaptive immunity to enveloped viruses.
on native BST-2. Similarly, the failure of reduction with DTT to
In conclusion, the data herein advance a direct model of restricrelease virions could be due to an inability of DTT to reach the tion in which BST-2 is found both at the sites of viral assembly
key disulfide bond(s) at physiological temperature, for example, if along the plasma membrane and within budding and nascthey are protected within a well-folded structure. Similar attempts ent virions. While this paper was being finalized, independent
to release virus-like-particles of Ebola retained on the cell surface evidence for direct restriction of virus release and virion-incorby BST-2 with as much as 500 mM DTT were also ineffective
poration of BST-2 was reported [29]. Biochemical data suggested
[14]. Recent mutational analyses of cysteine residues within the a parallel dimer configuration. Strikingly, an ‘‘artificial tetherin’’
BST-2 ectodomain suggest that disulfide-mediated dimerization that lacks primary sequence homology with BST-2, but which
is a correlate of the restriction of HIV-1 release, but not of contains its key membrane binding and structural features, showed
arenavirus release [25,26]. Notwithstanding these potentially antiviral activity, indicating that no cellular cofactors are likely
conflicting findings, exactly how disulfide mediated dimerization obligatory for the tethering phenomenon [29]. Directly relevant to
would contribute to restriction, if not by mediating an interaction the data herein, a mutant BST-2 lacking a GPI-anchor site was
between virion- and cell-associated BST-2, is unclear.
incorporated into virions but was unable to restrict virion release.
A direct restriction mechanism that is not disfavored by any These observations would leave open the role of the GPI-anchor
of the data herein is an ectodomain self-interaction model such in restriction, if not as one of the two membrane anchors in virionas that shown in Figure 5D, but in which the driving force of cell membrane spanning models. On the other hand, this study
tethering is a coiled-coil based interaction. To test this hypothesis, directly demonstrated a requirement for the coiled-coil ectodothe role of the predicted coiled-coil region in the ectodomain needs main of BST-2 in restriction and showed that a heterologous,
to be directly and critically evaluated: are key residues in the dimeric coiled-coil could provide restrictive activity. These data
predicted structure required for restriction? Does the putative can be interpreted to support a coiled-coil based self-interaction
interaction responsible for restriction involve two, three, four, or model of restriction. Alternatively, as proposed by the authors, the
more a-helices?
coiled-coil structure could be needed for an extended conformaAlthough each of the models of Figure 5 may be too simplistic, a tion of the ectodomain, which might facilitate spanning of the
self-interaction model of restriction is attractive: a single plasma virion- and cell-membranes [29]. While the molecular topology of
membrane protein, BST-2, is localized to sites of viral assembly, the BST-2 molecules that restrict virion release thus remains to be
incorporates into virions, and dimerizes or forms higher order resolved, the augmentation of BST-2 activity and the inhibition of
multimers or aggregates to restrict release. This direct tethering, viral antagonists such as Vpu likely represent new approaches
self-interaction model of restriction relies only on the localization to the prevention and treatment ofi nfections due to enveloped
of BST-2 to sites of viral budding and on the incorporation of viruses. The development of these approaches depends on underBST-2 into virions. Consequently, it can potentially be generalized standing the regulation of BST-2 during the immune response as
to all enveloped viruses that assemble on membrane microdo- well as on deciphering the structural basis of virion tethering and
mains that contain BST-2. Conversely, a model of relief of of the action of viral proteins that antagonize BST-2 function.
restriction by removal of BST-2 from the sites of viral assembly
and from virions themselves can potentially be generalized to all Materials and Methods
viral proteins that decrease the expression of BST-2 at the plasma
Plasmids, antibodies, and reagents
membrane. So far, such proteins include HIV-1 Vpu, HIV-2 Env,
SIV Nef, and KSHV K5 [5,11–13].
The proviral plasmid pNL4–3 was obtained from the National
Notably, the data herein indicate the presence of BST-2 in Institutes of Health (NIH) AIDS Research & Reference Reagent
infectious HIV-1 virions that are spontaneously released from Program and contributed by Malcolm Martin [30]. The pNL4-3
cells, even when the viral antagonist protein Vpu is expressed. The mutant DVpu (vpuDEL-1) was provided by Klaus Strebel [31].
HeLa cells used for the studies herein express BST-2 endoge- The murine monoclonal antibody to BST-2/HM1.24/CD317
nously, obviating transient expression methods that may be prone and the BST-2 ectodomain protein were gifts from Chugai
to artifactual over-expression of BST-2 in individual cells. On the Pharmaceutical Co., Kanagawa, Japan [17]. For flow cytometry,
other hand, whether wild-type virions produced from primary T an IgG2a antibody isotype control, a goat, anti-mouse IgG
cells or produced in vivo contain BST-2 remains to be determined. antibody conjugated to allophycocyanin (APC) and a FITCThe observations herein suggest the possibility that virion-asso- conjugated antibody to CD55/DAF were obtained from BioLeciated BST-2 serves functions in addition to tethering nascent gend (San Diego, CA). For immunofluorescence and immunoPLoS Pathogens | www.plospathogens.org
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electron microscopy, a goat anti-mouse IgG antibody conjugated
to biotin was obtained from Jackson ImmunoResearch (West
Grove, PA), and streptavidin-conjugated cadmium selenide/zinc
sulfide nanocrystals (quantum dots; QDot 625) were obtained from
Invitrogen (Carlsbad, CA). Subtilisin was from Sigma-Aldrich. PIspecific phospholipase-C was from Prozyme, San Leandro, CA or
Sigma-Aldrich.

Cells and transfections

The HeLa cells used in this study were clone P4.R5, which
express both CD4 and CCR5 and were obtained from Ned
Landau; these cells are a derivative of clone P4 and were maintained in DMEM plus 10% fetal bovine serum (FBS), penicillin/
streptomycin, and puromycin [32]. HEK293T cells were also
obtained from Ned Landau and were maintained in EMEM
plus 10% FBS and L-glutamine. Cells were transfected using
Lipofectamine2000 (Invitrogen) according to the manufacturer’s
instructions. For the microscopic experiments, cells were transfected in MatTek glass bottom dishes, using 0.8
mg pNL4-3 or
pvpuDel-1. For production of virions, cells were plated in 10 cm
tissue culture dishes and transfected with 16
mg of pNL4-3 or
pvpuDel-1.

Electron and fluorescence microscopy

HeLa P4.R5 cells were plated on coated MatTek glass bottom
dishes and transfected as indicated above. One day after
transfection, the cells were fixed using 3% formaldehyde in PBS
and stained using the murine monoclonal antibody to BST-2/
HM1.24/CD317 (0.05 mg/ml), followed by goat anti-mousebiotin (1:100) and streptavidin-QDot 625 (1:100). For fluorescence
microscopy, cells were mounted in anti-fade media containing
DAPI, and image data were obtained using an Olympus laser
scanning confocal microscope. Z-series of two-channel images
were colored, merged and projected using Image J. For transmission electron microscopy, parallel samples were re-fixed in 2%
glutaraldehyde (EM Sciences) in 100 mM sodium cacodylate
buffer (pH 7.4) for 30 min, post-fixed in 1% osmium tetroxide for
30 min, stained in 2% uranyl acetate in water for 1 h, dehydrated
in an ethanol gradient, and embedded in Durcupan ACM (Fluka).
Thin sections were stained with Sato’s lead. Micrographs were
obtained using a JEOL 1200 transmission electron microscope
operated at 80kV. For electron tomography, sections of approximately 250 nm thickness were stained with Sato’s lead and 2%
uranyl acetate. Series of micrographs were collected on a FEI
Titan transmission electron microscope at 300 keV while the
sample was tilted from2 60u to +60u in 2u increments. The
micrographs were digitized and aligned using IMOD software
[33]. A transform-based back projection software package was
then used to create the final alignment and back projection
resulting in a three-dimensional volume [34].

according to the manufacturer’s instructions. Bead-bound virions
were captured using Miltenyi magnetic columns, washed, and
eluted using DMEM plus 10%FBS and penicillin/streptomycin/
puromycin in the same volume as the input supernatant. Viral
protein levels in the eluate were determined using p24 capsid
ELISA (Perkin-Elmer).

Infectivity assay

Infectious center assays of viral infectivity were performed using
HeLaP4.R5 indicator cells as targets. Infected foci were developed
with X-gal, imaged using a CCD camera, and quantified using
image analysis software, as described previously [35].

Flow cytometry

For analysis of surface levels of BST-2, cells were stained before
fixation in phosphate buffered saline (PBS) including sodium azide
and 2% FBS at 4 uC using an indirect method to detect BST-2: the
HM1.24 murine monoclonal antibody (0.1mg/ml) was followed
by a goat anti-mouse IgG conjugated to APC. The gate for BST-2
was set using an antibody isotype control (IgG2a) as the primary
antibody. For measurement of CD55, cells were stained before
fixation either with a FITC-conjugated isotype control or a FITCconjugated anti-CD55. Cells were gated by forward and sidescatter characteristics. Composite data profiles were created using
FlowJo software (Tree Star, Inc.).

Virion-release assays

A p24 antigen capture ELISA (Perkin-Elmer) was used to
determine the concentration of viral capsid protein in culture
supernatants that were first clarified by centrifugation at 400
g as
well as the concentration of capsid protein in detergent lysates
(0.5% Triton-X-100 in PBS) of the adherent cells. The percentage
of p24 capsid secreted into the culture media was determined as
the concentration of p24 antigen in the supernatants divided by
the concentration of p24 antigen in the total culture (supernatant
plus cells)6 100. Additional experimental details are within the
figure legends.

Supporting Information

Figure S1
Distribution of cell surface BST-2 visualized by
Qdot staining and fluorescence microscopy. HeLa cells were
transfected (or not) to express wild type or
vpu-negative D
( vpu)
HIV-1, then stained without permeabilization for surface BST-2
using Qdots as described in the legend of Figure 1 and in
the Materials and Methods section. A control in which a nonspecific isotype-matched antibody was used instead of the antibody
to the BST-2 ectodomain is shown in the left-most panel. As
in Figure 1, foci of cells expressing virus are identifiable as
multinucleated, syncytial cells. In the case of wild type, such foci
have reduced or absent stain for surface BST-2. In contrast, the
stain for BST-2 is undiminished in multinucleated cells expressing
Virus production
vpu-negative virus.
Virus was produced from either HeLa P4.R5 cells or HEK 293
T cells. Cells (66 106) were plated in 10 cm tissue culture dishes Found at: doi:10.1371/journal.ppat.1000701.s001 (3.20 MB TIF)
and transfected as described above with 16
mg of either pNL4-3 or
Figure S2
Distribution of BST-2 along the plasma membrane of
pvpuDel-1. Virus-containing culture supernatants were harvested uninfected cells. HeLa cells were stained for surface BST-2 using
48 hours later and clarified by centrifugation at 400
6 g to remove
Qdot 625 as the label and processed both for immunofluorescence
cellular debris.
(A) and for routine transmission electron microscopy (B) as
described in the legend of Figure 1. Here, the higher magnification
fluorescence image more clearly shows the punctate nature of the
Virus immuno-capture
Clarified culture supernatants were incubated with antibodies stain, which appears as foci of clustered Qdots along the plasma
as indicated and then complexed to protein G-coated magne- membrane by electron microscopy.
tic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) Found at: doi:10.1371/journal.ppat.1000701.s002 (2.78 MB TIF)
PLoS Pathogens | www.plospathogens.org
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Stain control for immuno-electron microscopy: wild- rotated about the Y-axis 720 degrees. The tilt sequence was
type. HeLa cells expressing the wild type viral genome were acquired using FEI automated acquisition software. The slice-byprocessed for immuno-electron microscopy using the Qdot -based slice back projected volume was processed with the IMOD
stain as described in the legend of Figure 2 (panels A-F), except software package. MIP visualization and movie production was
that a non-specific isotype-matched antibody was used instead of done using Visage Imaging’s Amira software package.
the antibody to the BST-2 ectodomain. Unlike the images of wild- Found at: doi:10.1371/journal.ppat.1000701.s004 (7.54 MB
type virions stained with the anti-BST-2 in Figure 2 panels C and MOV)
E, the virions stained with the isotype control are virtually devoid
ofl abel.
Acknowledgments
Found at: doi:10.1371/journal.ppat.1000701.s003 (5.50 MB TIF)
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2.4 Conclusions and contribution to the field
Prior to submission of this work, it was unknown whether BST-2 localizes to
virus budding sites or whether virions incorporate BST-2 during budding. Between
submission and publication, another group published findings similar to those
described herein(29). However, the immunocapture assay remains unique to this work
and this paper remains the only one to show directly that infectious virions can be
captured using antibodies against BST-2.
Chapter 2, in full, is a reprint of the material as it appears in PLoS Pathogens
2010. Fitzpatrick, K., Skasko, M.A., Deerink, T.J., Crum, J., Ellisman, M.H., and
Guatelli, J.C., Direct Restriction of Virus Release by Incorporation of the Interferoninduced Protein BST-2 into HIV-1 Particles. PLoS Pathog., 2010 March; 6(3). The
dissertation author was the primary author of this paper.

	
  

	
  
Chapter 3: The mechanism of BST-2-mediated tethering is unclear
3.1 Abstract
This chapter sets out to elucidate the structure and mechanism of BST-2mediated HIV-1 tethering using a number of experimental methods, including:
electron microscopy, chemical analysis, and protein modification by site-directed
mutation. I successfully used site-directed mutation to show that the extracellular
domain of BST-2 is crucial for the protein’s tethering activity. I used some of these
mutant proteins in the microscopy work to visualize the possible effects of changing
the protein structure on the morphology of the tether. I optimized the procedures for
using chemical and enzymatic techniques to learn more about the orientation and
structure of the tether. Despite some uncertainty, the data support a direct tethering
model in which BST-2 spans the memberane of the budded virion with that of the
host. Based on the findings of the enzymatic treatments, I attempted to visualize the
tether via electron microscopy to definitively answer the question of the tether
orientation and structure. Additionally, I determined that a plant protein with similar
structural features to BST-2 (both transmembrane and GPI membrane anchors),
NDR1, lacks the ability to tether HIV-1.
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3.2 Introduction
Bone marrow stromal cell antigen-2 (BST-2) is an antiviral protein found on
and within specific subsets of host cells, but if can be expressed by all cells after
treatment with antiviral cytokines called interferons. First recognized as overexpressed
in multiple myeloma, a plasma cell tumor, BST-2 was recently found to have an
inhibitory effect on viral particle release by tethering escaping virions to the cell
surface. The structure of the BST-2 tether is unknown as is the mechanism by which
BST-2 becomes incorporated into HIV-1.
While the precise structure of the complete protein is unknown, BST-2 is
known to dimerize (and probably tetramerize) and is multiply glycosylated. Multiple
motifs and residues are conserved among species expressing BST-2, including the two
glycosylation sites at positions 65 and 92, and three cysteines at positions 53, 63, and
91 (Seen on Figure 1.6). The cysteines were theorized to be responsible for the
dimerization of BST-2 as detected via western blot under non-reducing conditions.
Analysis of cysteine mutants reveal that the cysteines are dispensible for tethering
activity, leading researchers to look to other motifs to explain these phenotypes, as
will be discussed later in this chapter.
The bulk of Chapter 3 involves investigation of the character and structure of
the BST-2 tether. After the publication of the second Chapter of this dissertation, I set
out to further characterize the structure of the tether by identifying motifs and residues
essential for the tethering phenotype. Since the chemical and enzymatic treatments
ultimately proved inconclusive, for reasons discussed later, we began by analyzing the

	
  

	
  

37

sequence of BST-2 for any secondary structure that might prove useful for study. To
accomplish this, we utilized a web-based program called Multicoil, found at
http://groups.csail.mit.edu/cb/multicoil/cgi-bin/multicoil.cgi, which uses an algorithm
to compare the protein sequence submitted to known coiled-coil protein sequences.
The plot of the Multicoil analysis is found in Figure 3.2.1. We also utilized the coiledcoil prediction program bCIPA, found at http://www.molbiotech.uni-freiburg.de/,
which allows the user to input two sequences and analyzes the likelihood of a coiledcoil interaction (data not shown). This second program allowed us to conclude that
BST-2 dimerizes in a likely unidirectional manner (both BST-2 molecules are oriented
the same way, N- to C-terminus), as there was a higher likelihood of a coiled-coil
when both sequences were identical (as opposed to one reversed). The results of this
query revealed a likely coiled-coil domain within the latter ectodomain region of BST2, specifically residues 80-160; therefore, this is where we focused our mutagenesis
efforts.
A coiled-coil is a structure wherein two proteins interact in a superhelical-like
formation, as described in Figure 3.2.2. The helices are held together by electostatic
and hydrophobic interactions, a-d and e-g interactions, respectively, and can be
destabilized by mutation of the residues at the interaction face. A classic example of
the coiled-coil is a leucine zipper, wherein two coils, heavy in leucines, interact and
“zip” together much like a zipper on a jacket. Based on the structural predictions, we
theorized that BST-2, as a dimer, does interact via a coiled-coil mechanism and that
this coiled-coil interaction is essential to the tethering phenotype.
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Also discussed at the end of this chapter is a naturally occurring protein with

some features similar to BST-2, NDR1. This protein is well characterized in
Arabidopsis thaliana and is associated with increased bacterial disease resistance in
plants. Studies show that NDR1 has the same predicted motifs as BST-2, namely an
N-terminal transmembrane region, an ectodomain, and C-terminal GPI modification.
Additionally, this protein is known to be expressed at the cell surface in plants(30).
Based on the characterization of this protein, we adapted it for expression in human
cells and analyzed its ability to tether HIV, as described at the end of this chapter. An
ability to tether would suggest that this activity could be independent of primary
sequence and only require a very general structure including the two membrane
anchors.
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Figure 3.2.1 Multicoil prediction for BST-2 sequence
The full-length, mature, protein sequence of BST-2 was submitted into the Multicoil
program. The graph presented is the output of the program and indicates likely coilbased dimerization between residues 80 and 160.
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Figure 3.2.2 A characterization of the coiled-coil motif
The coiled motif predicted in the BST-2 ectodomain is predicted to take on a coiledcoil configuration. Using the known interaction partners for coiled-coils, we were able
to design mutagenesis targets to disrupt this interaction. Figure adapted from
http://www.molbiotech.uni-freiburg.de/
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3.3 Results
3.3.1. Scanning electron microscopy reveals a potential tether between virions
and cells in BST-2-positive HeLa Cells
Utilizing many of the same techniques outlined in Chapter 2, we prepared
HeLa cells infected with both wild type and Vpu-deficient virus for high resolution
scanning electron microscopy. The samples were prepared as aldehyde-fixed whole
cell mounts and were finished by critical-point drying (to avoid surface tension
artifacts) and metal coating. Upon analysis and visualization of initial samples, we
observed a few potential tethering structures present between virions and the cell
surface, specifically near pits on the cell surface, shown in Figure 3.3.1.
We theorized that if we could visualize the tethers, we might be able to
measure the distance between the membranes and determine their length. This would
also allow us to determine the orientation of the tether, because the two primary
orientations have very different membrane-membrane distances. As seen in Figure
3.3.2, an extended tether structure would lead to easily visible gaps between virions
and the cell surface, similar to what is seen in Figure 3.3.1. Whereas a compact tether
structure would lead to a very small, potentially undetectable, gap. However,
visualization of potential tethers was very rare. Moreover, utilizing multiple cell types,
BST-2 expression methods, and viruses, we were unable to consistently discern a
consistent gap between the membranes of the virus and the cell. As seen in Figure
3.3.3, cells and viruses were either directly next to each other or some distance away.
Although many of the virions were directly opposed to the cell surface, we were
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reluctant to conclude that these data supported the tetramer model, because we could
not exclude collapse of the gap during the specimen preparation.
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Figure 3.3.1 Tether-like structures observed between budding virions within cellsurface pits
HeLa P4R5 cells infected with ΔVpu HIV-1 were analyzed using a scanning electron
microscope. Tether-like structures were observed between virions within endocytic
pits, indicated by the yellow arrow.
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Figure 3.3.2 Two orientations of the BST-2 tether result in differing gap length
between cell and viral membranes
As shown here, if BST-2 is in an extended conformation, the gap length would be
approximately 15-17 nm and easily visible by electron microscopy, whereas in the
closely opposed conformation, the gap distance would only be approximately 45
angstroms, at maximum. Figure adapted from Yang, et al., PNAS, 2010.
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Figure 3.3.3 Tether-like structures were not observed in HT1080 cells infected
with ΔVpu HIV
HT1080 cells expressing both BST-2 and ΔVpu HIV were analyzed using a scanning
electron microscope, as in Figure 3.1.
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3.3.2. Mutagenesis of the glycosylation sites in the BST-2 ectodomain does not
affect the tethering ability of BST-2
Using a site-directed mutagenesis approach, I assessed conserved motifs within
BST-2 for their role in the tethering mechanism. I began by mutating the glycosylation
sites present in the extracellular region (ectodomain) of BST-2. I mutated the two
asparagines at sites 65 and 95 to glutamine, which cannot be glycosylated but
preserves the bulky and uncharged polar nature of the residues’ side chain.
Expressing these BST-2 mutants along with Vpu-deficient virus resulted in a
significant decrease in the production of virions (measured as the release of p24 capsid
antigen into the culture media, shown in Figure 3.3.4); indeed the glycosylation
mutants appeared to be at least as active in restriction as the wild type BST-2 protein.
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Figure 3.3.4 Single mutations in the BST-2 ectodomain do not significantly
enhance HIV particle release
Single mutations were made in the glycosylation sites of BST-2, as indicated. Mutants
were co-expressed in HEK 293T cells with HIV-1 pNL4-3 provirus (5 ng BST-2
plasmid to 800 ng pNL4-3). Cell supernatants were analyzed for p24 capsid
concentration using a Perkin Elmer p24 sandwich ELISA kit.
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3.3.3. Mutation of selected residues of the coiled-coil region is not sufficient to
impair the tethering phenotype.
As noted above, I assessed the potential structure of the BST-2 protein, as no
crystal or NMR structure was known at the time, by utilizing a variety of online motif
prediction tools. These algorithms indicated that BST-2 contained a potential coiledcoil domain in the extracellular (ectodomain) region. We theorized that this coiled-coil
might explain the dimerization phenotype of BST-2, and potentially yield higher order
multiples of the protein that might also play roles in restriction.
In order to determine if this motif was important for tethering, selected
residues in the coiled-coil region were mutated and assessed for tethering ability. We
selected residues primarily in the electrostatic interaction positions of the coiled-coil (e
and g positions, as well as some in hydrophobic interaction regions (a and d positions),
as we predicted that these residues would have the most disruptive effect on the
presumed protein structure.
Analysis of these single amino acid residue substitutions revealed a modest
disruption by some of the mutations, specifically at positions 116 and 123, but also
indicated that such changes were insufficient to disrupt the tethering activity of the
protein.
I attempted to disrupt the coiled-coil region further by creating double and
triple mutations, combining the most effective single mutants at positions 95, 116,
123, and 147. I found that multiple disruptions to the coiled-coil motif resulted in less
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efficient tethering, although the stability of the mutant protein was in some cases
adversely affected (data not shown).
During the course of creating and assessing these multiple mutants, another
group published results indicating that multiple mutations within individual heptad
repeats of the coiled-coil, upwards of 5-7 electrostatic disruptions in a row, were
necessary to reduce the tethering efficiency, as described in the discussion section of
this chapter. After publication of these results, I analyzed the mutants and verified the
findings that disruptions to the coiled-coil phenotype negatively affect the ability of
BST-2 to tether virions.
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Figure 3.3.5 BST-2 mutagenesis sites and coiled-coil alignment
The sequence of BST-2 as analyzed by the web-based Multicoil program, found at
http://groups.csail.mit.edu/cb/multicoil/. The residues outlined in red were chosen for
mutagenesis and analysis.
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Figure 3.3.6 Single mutations in the BST-2 ectodomain do not significantly
enhance HIV particle release
Single mutations were made in the ectodomain of BST-2, as indicated. Mutants were
co-expressed in HEK 293T cells with HIV-1 pNL4-3 ΔVpu provirus (5 ng BST-2
plasmid and 800 ng provirus). Cell supernatants were analyzed for p24 concentration
using a Perkin Elmer p24 sandwich ELISA kit.
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Figure 3.3.7 Double and triple mutations in the BST-2 ectodomain do not
significantly enhance HIV particle release
Double or triple mutations were made in the ectodomain of BST-2, as indicated.
Mutants were co-expressed in HEK 293T cells with HIV-1 pNL4-3 ΔVpu provirus (5
ng BST-2 plasmid and 800 ng provirus). Cell supernatants were analyzed for p24
concentration using a Perkin Elmer p24 sandwich ELISA kit.
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Figure 3.3.8 L70D and Set mutants are defective at tethering HIV virions
The top graph shows p24 capsid release (as a concentration of p24 in the supernatant,
measured by a p24 ELISA) with either ΔVpu virus alone or with BST-2, or a mutant,
as indicated. The lower panel shows the expression profile of each mutant and
correlated p55 Gag expression in each sample. These data were contributed by
Marissa Suarez and include the L70D mutant, which I constructed.
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3.3.4. A plant protein, NDR-1, with similar topology to BST-2 is unable to tether
HIV-1 virions.
Inspired by the findings in Perez-Caballero, et al., who used an artificial tether
to restrict viral release, I decided to utilize a different approach and search for a
naturally occurring BST-2 mimic. Perez-Caballero assembled an “artificial tetherin”
(art-tetherin) comprised of the transmembrane domain from transferrin receptor, the
coiled-coil of DMPK, and the GPI anchor region from uPAR. The goal of his arttetherin was to construct a protein similar in size, topology, and posttranslational
modification to BST-2, but lacking sequence homology. This construct did tether
virions, more weakly than wild-type BST-2, but was not counteracted by Vpu(29).
I noted that NDR-1, a protein expressed in plants, is one of possibly only two
proteins, other than BST-2, with the unique doubly-bound membrane topology
including a transmembrane domain and a GPI anchor (the third protein with this
topology is pathologic form of prion protein). NDR1 is known to correlate with
disease resistance in Arabidopsis thaliana and has a predicted structure similar to BST2 with an N-terminal transmembrane domain and C-terminal GPI anchor, as shown in
Figure 3.3.9.
After analysis of the sequence, and optimization for human codon usage, I
constructed an expression plasmid for expression of this protein in mammalian cells,
with an N-terminal FLAG tag for detection. NDR1, while stably expressed in 293T
cells (data not shown), was unable to tether virions, as shown in Figure 3.3.10. It is
unclear whether the protein was improperly located within the cell, or if there is
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another unknown factor preventing this protein from mimicking BST-2 fully. The
protein is known to be membrane-associated in plants, but the expression profile in
mammalian cells is unknown.
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Figure 3.3.9 The predicted motifs of NDR1 are similar to BST-2
This figure schematically shows the presence of a hydrophilic (transmembrane) region
at the N-terminus of the NDR1 protein, as well as a 176aa ectodomain and a GPI
anchor site at the C-terminus. As previously described, these features are also
characteristic of BST-2. Figure adapted from Coppinger et al., The Plant Journal,
2004.
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Figure 3.3.10 The plant protein NDR1 does not restrict HIV
NDR1 and BST-2 were expressed with HIV wild type (wt) or delta Vpu (ΔVpu) in
HEK 293T cells. Virus was also expressed in the absence of either NDR1 or BST-2
for reference. The output was measured as p24 released into the supernatant as a
percentage of total p24 in the sample.
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3.4 Methods and Materials
Cells and Transfections
The HeLa cells used in this study were clone P4.R5, which express both CD4
and CCR5 and were obtained from Ned Landau; these cells are a derivative of clone
P4 and were maintained in DMEM plus 10% fetal bovine serum (FBS),
penicillin/streptomycin, and puromycin [32]. HEK293T cells were also obtained from
Ned Landau and were maintained in EMEM plus 10% FBS and L-glutamine. Cells
were transfected using Lipofectamine2000 (Invitrogen) according to the
manufacturer’s instructions. For the microscopic experiments, cells were transfected in
MatTek glass bottom dishes, using 0.8 mg pNL4-3 or pvpuDel-1. For production of
virions, cells were plated in 10 cm tissue culture dishes and transfected with 16 mg of
pNL4-3 or pvpuDel-1. The HT1080 cells used were obtained from ATCC and were
maintained in DMEM plus 10% FBS and penicillin/streptomycin.

Scanning Electron Microscopy
For scanning electron microscopy, samples were fixed in 2% glutaraldehyde
(EM Sciences) in 100 mM sodium cacodylate buffer (pH 7.4) for 30 min, post-fixed in
1% osmium tetroxide for 30 min, and dehydrated in an ethanol gradient and dried. The
samples were then sputter coated with gold-palladium. Micrographs were obtained
using a Zeiss Merlin High-Resolution Scanning Electron Microscope.
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Plasmids
BST-2 from Origene was used in the glycosylation mutant studies. BST-2 in
pcDNA3.1 (a gift from Autumn Ruiz and Edward Stephens) was used for all other
mutagenesis and expression studies. The sequence of the plant protein NDR1 was
humanized and created by GeneWiz, La Jolla, CA. NDR1 was subsequently cloned
from a bacterial expression plasmid into pFLAG-CMV (SigmaAldrich) with an Nterminal FLAG tag, and assessed for expression.

Mutagenesis of BST-2
The sequence of BST-2 was modified using a Quickchange Kit, per the
manufacturer’s instructions. Primers for mutagenesis were designed by K. Fitzpatrick
and ordered/created by Integrated DNA Technologies (IDT).

Virion-release assays
A p24 antigen capture ELISA (Perkin-Elmer) was used to determine the
concentration of viral capsid protein in culture supernatants that were first clarified by
centrifugation at 400 g as well as the concentration of capsid protein in detergent
lysates (0.5% Triton-X-100 in PBS) of the adherent cells. The percentage of p24
capsid secreted into the culture media was determined as the concentration of p24
antigen in the supernatants divided by the concentration of p24 antigen in the total
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culture (supernatant plus cells) 6100. Additional experimental details are within the
figure legends.

	
  

	
  

61

3.5 Discussion
The results of this section are in support of a model wherein a coiled-coil motif
in the ectodomain of BST-2 is essential for the tethering mechanism. These results are
further supported by a number of publications that were released during my work on
this question(31-33). These publications revealed a coiled-coil crystal structure of the
BST-2 ectodomain as well as a potential tetramer structure, see Figure 3.5.1(34). One
residue, L70, is essential for tetramerization of BST-2, and both their work and mine
reveals that this residue is contributes to the tethering phenotype of BST-2 as well, see
Figure 3.5.1.
Additionally, these studies revealed that multiple mutations along the coiledcoil are required to disrupt the dimerization and tethering phenotype of BST-2. Hinz,
et al., described three “set” mutants, each encoding multiple substitutions along the
interaction face of the BST-2 coiled-coil (Figure 3.5.2 and (31). The set mutants have
the following substitutions: set1 (Cys91Gly, Val95Tyr, Leu98Lys, Leu102His); set2
(Leu127Lys, Ala130Tyr, Val134Glu, Leu137Glu); set4 (Glu62Ala, Arg64Ser,
Asn65Ala, His59Ser, Gln71Ala, Gln72Ala, Glu73Ser). I verified the results presented
in Hinz, et al. and found that not only does disruption of the tethering activity require
multiple mutations, but that the most detrimental mutations were made close to the Nterminus of the ectodomain . Figure 3.5.3 shows that set4, the most N-terminal set of
mutations, is the most detrimental to the restriction activity of BST-2, but that all Set
mutants are impaired to some degree.
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The published works described support my initial model of a coiled-coil

ectodomain and many of the residues I mutated in my study are indicated and
mentioned as crucial to the tethering phenotype. Unfortunately, I mutated single
residues and this was not enough to destabilize the coiled-coil.
The inability of NDR1 to restrict virus release might be due to the absence of a
predicted coiled-coil between the two membrane anchors. As suggested by Hinz et
al., an extended coiled-coil might be required to allow the two membrane anchors to
partition into the viral and cellular membranes during budding.

	
  

	
  

63

Figure 3.5.1 The crystal structure of the BST-2 ectodomain reveals a potential
tetrameric state
As seen in this Figure, adapted from Yang et al., PNAS, 2010, the ectodomain of BST2 forms a tetrameric structure when expressed and crystallized. It is important to note
that the residue crucial to the tetramerization is L70 and is located at the point where
all four coils converge.
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Figure 3.5.2 A schematic of the coiled-coil domain in BST-2 reveals residues
crucial to the stability of the complex
As noted in the text, the ectodomain of BST-2 forms a coiled-coil and residues along
the interaction face are responsible for holding the structure together. The residues
along the interaction face are listed here. Figure adapted from Hinz, et al. Cell Host
Microbe, 2010.
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Figure 3.5.3 Multiple mutations along the coiled-coil are required to disrupt the
dimerization and tethering activity of BST-2
HIV provirus, lacking Vpu, along with the indicated BST-2 plasmid (wt, set1, set2,
set4, or none) were used to transfect HEK 293T, using the standard Lipofectamine
2000 protocol, in a ratio or 5 ng BST-2 plasmid to 800 ng ΔVpu. As seen here,
provirus not encoding Vpu alone releases the most infectious units of HIV, while
provirus co-expressed with wild type BST-2 (wt), releases the least amount of
infectious virus. The Set mutants have intermediate phenotypes, with Set 4 being the
least effective at tethering virus and Set 1 being the most effective. “Counts” refers to
infectious centers counted by digital imaging and computer-based analysis after
exposure of indicator cells to virus.

	
  

	
  
Chapter 4: Vpu paradoxically hinders viral propagation during spreading
infections in T-cell lines
4.1 Abstract
Although Vpu enhances the release of cell-free virions by counteracting the
restrictive activity of BST-2 (tetherin), contradictory findings regarding the effect of
the BST-2 on the cell-to-cell spread of HIV-1 have been reported(35, 36). In
principle, tethered viruses could spread in a cell-contact dependent mode very
efficiently. To date, the net effects of BST-2 and Vpu during viral propagation during
spreading infections are unclear.
To address the hypothesis that the Vpu/BST-2 relationship affects viral
propagation, we developed a growth-rate assay wherein we compare wild type NL4-3
HIV-1 with Vpu-negative HIV-1 in cell lines expressing, or not expressing, BST-2.
We also tested HIV-1 containing mutations in the cytoplasmic tail of Vpu, specifically
Vpu-S52/56N, which is defective for CD4 down-modulation but retains modest
activity for BST-2 down-modulation. We utilized p24 ELISA as well as flow
cytometric analysis for internal p24 to determine viral propagation at the levels of cellfree virus and the percentages of infected cells in the cultures.
We found that the presence of HIV-1 Vpu paradoxically hindered viral spread in
culture, regardless of the levels or presence of BST-2. We also found that HIV-1
encoding Vpu deficient in CD4 down-modulation performed similarly to Vpunegative HIV-1 during the growth rate analysis, suggesting that this effect of Vpu
might impair spread of virus.
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4.2 Introduction
In addition to investigating the how BST-2 restricts virus release, I also set out
to determine the role of BST-2 during a spreading infection. The nature of BST-2’s
restrictive activity, tethering virus to the cell surface, leads one to consider that this
factor might aid in the spread of infection, by increasing the concentration of virus
available to an uninfected cell upon cell-to-cell contact. Conversely, BST-2 may
inhibit the spread of infection by preventing the release of virus and increasing
endocytosis of the attached virions.
Another impetus for looking into the effects of BST-2 on viral spread was the
publication of two seemingly opposed articles. One described BST-2 as inhibitory to
spread; the other asserts that wild type HIV overcomes the barrier posed by BST-2(35,
36). The opposition presented in the two papers intrigued me and I decided to
investigate the role of BST-2 on the rate of viral spread in T-cells.
There are two mechanisms of viral spread between cells: cell-to-cell and cellfree. Cell-to-cell spread occurs when a target cell comes in contact with an infected
cell and virus is transferred directly between the two cells; this mode of transfer might
actually be enhanced by BST-2’s tethering action Cell-free transfer, as suggested by
the name, occurs when virions that have been completely released from an infected
cell come in contact with a target cell; this mode of transfer is inhibited by BST-2’s
tethering action Both of these modes of infection occur during a normal HIV infection
in humans, likely depending on the tissue and cell density. Between the two methods,
cell-to-cell transfer is more efficient.
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In order to investigate the role of BST-2 on viral spread, I first measured the

growth rates of wild type and Vpu-deficient HIV-1. Historically, Vpu was thought to
enhance viral spread and growth in both suspension cultures, as indicated in Figure
4.2.1(10), and in lymphoid tissue explants (37). This finding is consistent with Vpu’s
positive effect on viral release, as viral output is measured by released viral protein. I
approached this problem in a slightly different way, measuring not only viral output
but also the percentage of cells infected over time.
Additionally, the presence of Vpu does not remove all BST-2 from the cell
surface, as seen in the paper presented in Chapter 2 of this dissertation. BST-2 proteins
were also notably incorporated into wild type HIV virions. Moreover, as presented in
Figure 1.4, the presence of BST-2 hinders release of wild type virus, with respect to
viral production in cells lacking BST-2, despite the expression of Vpu. Therefore, a
second question I wanted to answer in this chapter regards the evolutionary advantage
of Vpu: why has the protein evolved to be less than completely effective against BST2?
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Figure 4.2.1 Wild type HIV-1 grows more quickly than Vpu-deficient HIV-1
As shown here, HIV deficient in Vpu (VpuDEL-1) releases less Gag product than wild
type virus. Figure adapted from Schubert, et al., 1996.
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4.3 Results
4.3.1. Characterization of T-Cell lines
To determine the growth phenotype of HIV-1 wild type and various mutants,
we utilized various T-cell lines that differed in their expression of BST-2. As shown in
Figure 4.3.1, CEM parental lines express both BST-2 and CD4, as does the CEM A2
TR (control shRNA cell line). The CEM A2 T3 cell line expresses an shRNA against
BST-2 and therefore has a knocked-down BST-2 surface expression. The SupT1 line
does not constitutively express BST-2, and is considered BST-2 negative in our study,
but has high levels of CD4. The surface expression of BST-2 and CD4 was analyzed
by flow cytometry, using FITC-conjugated antibodies against BST-2 or CD4, as
described in the Methods and Materials section.
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Figure 4.3.1 Surface expression of BST-2 and CD4 on CEM and SupT1 cell lines
Cell lines CEM, CEM A2 TR, CEM A2 T3, and SupT1 were analyzed for nascent
surface expression of BST-2 and CD4, as described in the Methods and Materials
section.
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4.3.2. Vpu-deficient HIV-1 spreads more quickly in T-Cell cultures than wild
type HIV-1
To address the question of differential growth rates in the presence or absence
of BST-2, I first measured the rate of spread of HIV-1 wild type and HIV-1 lacking
Vpu over the course of 12 days. The cell lines indicated were infected with HIV,
produced from HEK 293T cells as described, at an MOI of 0.05. I found that Vpudeficient virus spread more quickly than wild type, despite similar levels of viral p24
protein in the supernatant. This result was found in both BST-2 positive and BST-2
negative cell lines, indicating a BST-2-independent effect.
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Figure 4.3.2 Vpu-deficient HIV spreads more quickly than Wild type in CEM
cells, despite a roughly equivalent viral output
Here, CEM cells were infected as described in the Materials and Methods section.
Viral output was assessed every 3 days for both p24 capsid production and the
percentage of p24+ cells (a measure of the percentage of infected cells).
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4.3.3. Characterization of Vpu mutants
This paradoxical result led us to consider the other effects of Vpu in the cell,
specifically the downregulation of CD4. In order to determine more specifically how
Vpu effects on viral growth, I created a number of Vpu-mutant proviral plasmids. The
A10,14,18F Vpu is known to be ineffective at downregulating BST-2 while retaining
activity against CD4, while the S52/56N mutant is known to be ineffective at
downregulating CD4 and moderately effective at downregulating BST-2. Vpu
S52/56N (referred to as Vpu 2/6) has a defect in the β-TrCP binding region and
therefore cannot target CD4 or BST-2 for degradation. The L63S mutant is a new
construction that I made based on the published phenotype of an alanine substitution
mutant(38); the serine substitution avoids introducing a change in the signal sequence
of the Env protein.
Before the creation of Vpu-mutant provirus, I first introduced the mutations
into a codon-optimized Vpu construct (VpHu), for primary phenotypic analysis. The
characterization of the VpHu mutants is shown in Figure 4.3.3. To validate that the
Vpu mutants retained their phenotypes in a proviral context, I measured viral output
from transfected HeLa P4R5 cells, as shown in Figure 4.3.4. The results support the
VpHu data in that the Vpu2/6 and VpuL63S mutants are effective at counteracting
BST-2, while the VpuA10,14,18F mutant is not able to counteract BST-2.
Measurement of CD4 downregulation in the proviral context proved challenging
because Nef, which also downregulates CD4, is fully functional in each of the proviral
constructs tested.
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Figure 4.3.3 Vpu mutants selectively downregulate CD4 or BST-2
This figure demonstrates the downregulation phenotype of the various Vpu mutants
presented when expressed in HeLa P4R5 cells (5 ng VpHu transfected using the
standard Lipofectamine 2000 protocol). The top panel shows BST-2 surface levels on
HeLa P4R5 cells after expression of each of the VpHu types indicated. The lower
panel shows HeLa P4R5 CD4 surface levels after expression of the various VpHu
proteins. The isotype control, red, and no VpHu control, light blue, outline the
dynamic range of the assay.
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Figure 4.3.4 Vpu mutant viral release from HeLa P4R5 cells
HeLa P4R5 cells were transfected with the indicated provirus and analyzed for p24
capsid output 24 hours post transfection. Capsid concentration was determined as
indicated in the Methods and Materials section.
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4.3.4. Vpu effects are dependent on a functional β -TrCP binding domain.
Analysis of the Vpu2.6 mutant described in Section 3 of this chapter revealed
an intermediate or Vpu-deficient-like phenotype. This mutant HIV spread more
quickly than wild type in the parental CEM line, chosen because of the presence of
both BST-2 and CD4. It is important to note that a functional β-TrCP binding region is
essential for the Vpu effect, as supported by the Vpu2/6 data presented in Figure 4.3.5.
This suggests the activity of Vpu in recruiting β-TrCP and the associated cellular
ubiquitin ligase complex is required for the growth-slowing effect of Vpu.
Analysis of the VpuA10,14,18F and VpuL63S mutants is in progress but we
expect to see a replication of the data presented in Figure 4.3.5, as well as additional
support for this conclusion in the L63S mutant growth phenotype. We also expect the
A10,14,18F mutant to perform like wild type HIV in the growth curve analysis. This
experiment is being carried out in CEM parental cells, for reasons discussed above.
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Figure 4.3.5 Viral growth is enhanced by mutations in the Vpu cytoplasmic tail
CEM A2 TR cells (expressing both BST-2 and CD4) and SupT1 cells (lacking BST-2
and expressing CD4) were infected with virus, as indicated, and sampled every 3 days.
This graph shows the percentage of infected cells over the course of the 12-day
experiment as well as the p24 capsid output. Panels A and B show the release of p24
capsid over the course of the experiment and panels D and E show the percentage of
p24-positive cells as an indicator of viral spread.
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4.3.5. Viral transfer from HEK 293 cells to CEM T-cells is enhanced in by the
absence of Vpu: CD4 independence
To determine if the observed enhancement of spread in the absence of Vpu is
due to increased viral transfer, and whether or not the effect is dependent on CD4, I
designed an experiment wherein CEM cells containing an HIV-activated GFP would
be co-cultured with HEK 293 (with or without CD4 as indicated) cells expressing
HIV. The CEM cells were stably transfected with a GFP containing a Tat activation
site in the promoter, therefore allowing GFP expression in the event of a productive
HIV infection. The 293 cells were plated and transfected as described previously, but
24 hours post transfection, the media was removed and CEM-GFP cells were layered
on top of the 293 cells. One day later, all cells were collected and analyzed for GFP
expression using a flow cytometer. The cells were gated on the CEM population
(determined by CEM-alone samples).
As seen in Figure 4.3.6, Vpu-deficient HIV transferred better than wild type in
the CD4-deficient cells, but the effect was muted in the CD4+ cell line. This result
indicates that transfer of Vpu-deficient virus is more efficient than wild type,
independent of CD4. The lower viral transfer in the CD4+ populations may be
explained by CD4’s negative effects on infectivity, especially in the context that ∆Vpu
virus is transferred as well or slightly less well than wild type, which contains both
Vpu and Nef to counteract CD4.
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Figure 4.3.6 Vpu-deficient and cytoplasmic Vpu mutants transfer more
efficiently than wild type or transmembrane Vpu HIV-1
Here, HEK 293 cells (with or without CD4 as indicated) were transfected with the
indicated HIV provirus. 24 hours post transfection, CEM cells (with an HIV-activated
GFP) were exposed to the 293 cells and allowed to co-culture for 24 hours. At this
point, all cells were collected and analyzed for GFP expression using flow cytometry,
gating on the CEM cell population.
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4.3.6. Vpu-deficient HIV spreads more efficiently than wild type in PBMCs
Finally, I used peripheral blood mononuclear cells (PBMCs) to determine if
the enhanced growth of ∆Vpu HIV is replicable in primary cells. I harvested PBMCs
from healthy donors, activated them for 3 days using PHA/IL2, and infected them with
HIV wild type or ∆Vpu from HEK 293 T cells at an MOI of 0.05. A with the previous
growth curve experiments, samples were collected every 3 days and analyzed for p24
capsid production as well as intracellular p24.
As seen in previous growth curves, ∆Vpu spreads more efficiently in the
culture than wild type HIV, despite identical levels of p24 output (Figure 4.3.7 and
data not shown). This result was replicable in cells from two independent donors.
While the result was not as robust as that seen in the T-cell lines used previously, it
does indicate that the restriction factors targeted by Vpu are not as detrimental to viral
spread as initially thought.
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Figure 4.3.7 Vpu-deficient HIV spreads more quickly in PBMC cultures than
HIV wild type
PBMCs were isolated from two healthy donors, activated, and infected with either
wild type or ∆Vpu HIV-1 at an MOI of 0.05. Samples were collected every 3 days and
assessed for p24 capsid production as well as intracellular p24, shown here as a
percentage of p24-positive cells in culture.
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4.4 Methods and Materials
Cells and Transfections
The HeLa cells used in this study were clone P4.R5, which express both CD4
and CCR5 and were obtained from Ned Landau; these cells are a derivative of clone
P4 and were maintained in DMEM plus 10% fetal bovine serum (FBS),
penicillin/streptomycin, and puromycin. HEK293T cells were also obtained from Ned
Landau and were maintained in EMEM plus 10% FBS and L-glutamine. Cells were
transfected using Lipofectamine2000 (Invitrogen) according to the manufacturer’s
instructions.. For production of virions, cells were plated in 10 cm tissue culture dishes
and transfected with 16 mg of pNL4-3 or pvpuDel-1. The CEM A2 TR and T3 cell
lines, which do and do not express shRNA against BST-2, respectively, were obtained
from Nico Casartelli and Olivier Schwartz; these cells were maintained in RPMI plus
10% FBS, penicillin/streptomycin, and puromycin at 0.5 ug/mL. 293 cells (gift from
Celsa Spina); 74.8 CD4+ 293 cells (constructed previously in the Guatelli lab; and
unpublished); SUPT1 cells (ATCC); CEM parental cells (gift from Celsa Spina).

Virus production
Virus was produced from HEK 293 T cells. Cells (66106) were plated in 10 cm
tissue culture dishes and transfected as described above with 24 ug of pNL4-3,
pVpuDel-1, pVpu2/6, pVpuA10,14,18F, or pVpuL63S. Virus-containing culture
supernatants were harvested 48 hours later and clarified by centrifugation at 4006g to
remove cellular debris.
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Plasmids and antibodies
The proviral plasmid pNL4–3 was obtained from the National Institutes of
Health (NIH) AIDS Research & Reference Reagent Program and contributed by
Malcolm Martin. The pNL4-3 mutant ∆Vpu (vpuDEL-1) was provided by Klaus
Strebel. The murine monoclonal antibody to BST-2/HM1.24/CD317 was a gift from
Chugai Pharmaceutical Co., Kanagawa, Japan. For flow cytometry, an IgG2a antibody
isotype control, a goat, anti-mouse IgG antibody conjugated to allophycocyanin (APC)
and a FITC-conjugated antibody to p24 were obtained from BioLegend (San Diego,
CA).

Infectivity assay
Infectious center assays of viral infectivity were performed using HeLaP4.R5
indicator cells as targets. Infected foci were developed with X-gal, imaged using a
CCD camera, and quantified using image analysis software, as described previously
(39).

Flow cytometry
For analysis of surface levels of BST-2, cells were stained before fixation in
phosphate buffered saline (PBS) including sodium azide and 2% FBS at 4degC using
a direct method to detect BST-2: the RS38-FITC antibody (BioLegend, San Diego,
CA) was used. The gate for BST-2 was set using a FITC-conjugated antibody isotype
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control. For measurement of CD4, cells were stained before fixation either with a
FITC-conjugated isotype control or a FITC-conjugated anti-CD4. For detection of
intracellular p24, cells were fixed and permeabilized using BD Cytofix/Cytoperm,
according to the manufacturer’s instructions. Post-fixation, cells were stained with
directly conjugated anti-p24-FITC (clone KC57-FITC, Beckman Coulter). All cells
were analyzed using an Accuri C6 flow cytometer (BD Biosciences). Cells were gated
by forward and sidescatter characteristics. Composite data profiles were created using
Accuri Software (BD Biosciences).

Isolation of PBMCs
I first spun 50 mL of heparinated whole blood from healthy donors at 530xg
for 12 minutes (slow acceleration, no brake) to fractionate the blood into RBC and
plasma fractions. The plasma fraction was combined with 1x 2% FBS in PBS. I then
layered this solution over a density-gradient solution (1.077 g/cm3, Ficoll) in a ratio of
9.5 mL of the resulting solution to 4.5 mL Ficoll in 15 mL conical tubes. The conical
tubes were spun at 530xg for 20 minutes (slow acceleration and no brake) and the
PBMC interface above the Ficoll layer was removed to new 15 mL conical tubes with
3 mL 2% FBS in PBS. The PBMCs were washed two times with 2% FBS in PBS and
resuspended in RPMI growth media (10% FBS and penicillin/streptomycin) for
counting and activation. PBMCs were activated using PHA and IL2 at a concentration
of 1 ug/mL PHA and 20 units/mL IL2.
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Infection of T-cells
One million T-cells (from the T-cell lines described) or PBMCs, isolated as
described, were infected with each virus at an MOI of 0.05 for 4 hours at 37degC, 5%
CO2. The cells were then washed with PBS and resuspended with 4 mL or 2 mL
RPMI growth media, 4 mL for cell lines, 2 mL for PBMCs. One-fourth of the cells in
each culture were harvested every three days over the course of the experiment.
Infected CEM and SupT1 cells were split 1:3 every sample day, PBMC cells were not
split. Cells were spun and supernatants harvested and analyzed for p24 levels. The
cells were then stained and analyzed as described.
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4.5 Discussion
Based on our results, we propose that the negative influence of Vpu on viral
propagation is likely due to an effect other than modulation of BST-2 or CD4. The
effect is, however, dependent on a functional b-TrCP binding domain. This new
finding opens the door to consideration that other cellular factors might interact with
and be modulated by Vpu. Recent mass spectrometry studies revealed a number of
novel binding partners for Vpu (data not shown, (40)) and future studies will
determine if perhaps one of these binding partners is responsible for Vpu’s
paradoxical effects on cell-cell spread.
Our model describes a potential scenario where one function of Vpu is actually
a hindrance to viral spread. In this model, the presence of Vpu slows the spread of
virus, which is contrary to previously published studies. Evolutionarily, a fully
functional Vpu, with respect to its BST-2 and CD4 interaction domains, is highly
conserved and, therefore, must provide an evolutionary advantage to the virus. It is
possible that virus lacking Vpu might spread too quickly and so Vpu might act to
mitigate high levels of infection early on. For a virus that is sexually transmitted a
long, chronic might be favorable to its persistence in the human population.
There are a number of possible mechanistic explanations for why Vpudeficient virus spreads more quickly than the wild type in the studies presented herein.
Higher levels of CD4, seen in cells infected with Vpu-deficient HIV, may serve as
attachment receptors and may facilitate cell-cell contact and fusion. Additionally,
higher levels of CD4 in the endoplasmic reticulum may trigger a more fusogenic
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conformation of Env, leading to increased syncytia formation, a phenomenon well
described in ΔVpu-infected samples. Weighing against these scenarios, however, are
the results of our 293-to-CEM transfer experiments, which suggest that this effect of
Vpu is CD4-independent.Finally, as noted above, Vpu may downregulate or interact
with an unidentified cellular protein that stimulates viral spread and is potentially
differentially expressed in different experimental methods.
Notwithstanding this uncertainty regarding how Vpu decreases the rate of viral
spread, these data indicate that the ability of Vpu to counteract BST-2 and allow the
efficient release of cell-free virus does not dramatically impact growth-rate; the virus
can spread at least as efficiently in the absence of Vpu.

	
  

	
  
Chapter 5: Conclusions and Future Directions
This thesis describes two major phenomena: BST-2 as a viral restriction factor
and a paradoxically negative effect of Vpu on viral spread in culture. Prior to my work
on this topic, it was unknown whether or not BST-2 was incorporated into the virion,
or whether it was actually located at the site of viral assembly, budding, and presumed
tethering. My contributions include, in addition to documenting direct restriction of
virion release by BST-2, the discovery that Vpu is detrimental to viral spread in T-cell
cultures and that this phenotype maps to the β-TrCP interaction domain of Vpu.
Additionally, the Vpu effect is not entirely attributable to the interactions of Vpu with
either BST-2 or CD4.
Additionally, my work contributed to the publication of a manuscript that
further describes the role BST-2 plays during a viral infection. An article published in
2003 describes a cDNA screen that found BST-2 within a group of potential upregulators of NF-kB activity (41). Members of our group successfully demonstrated
that expression of BST-2 does increase NF-kB-mediated gene expression and that this
effect is increased in the presence of HIV (Tokarev et al., JVirol, 2012). The
restriction and signaling effects of BST-2 are separable; for example, a
tetramerization-defective BST-2 construct I contributed, L70D, is unable to signal but
effectively tethers virions. In short, this manuscript shows that BST-2 not only induces
the activity of NF-kB, but that it serves as a viral protein sensor, and that HIV Vpu
counteracts each of these functions.
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Future work will further describe the structure of the BST-2 tether as well as

shed light on why none of the enzymatic or chemical treatments worked to release
virus, given the preliminary structural information we currently have. As discussed
previously in our published work, it is possible that there is an additional binding
partner in the tether structure or that the structure is oriented in such a way that
prohibits enzymatic activity.
One of the methods we used to evaluate the distance between cellular and viral
membranes, and therefore presumably the tether length, was scanning electron
microscopy (SEM). We were ultimately unsuccessful at observing a consistent tether
length, leading us to conclude that either our methods or the nature of the tether
rendered this procedure uninformative, as discussed below. Other groups have also
attempted to visualize the complete tether using transmission electron microscopy;
these groups have also not provided a definitive answer to the question of the question
of the molecular topology of tethering. A potential problem with these routine electron
microscopic techniques is the inability to control for the potential flexibility in the
tether. It is possible for the tether to exist in a fully extended conformation, but
collapse during sample preparation, or for the virus to naturally fall against the cell
surface, with the tether simply bridging the two membranes, not holding them apart.
One could use stabilizing antibodies or other cross-linking substances; however, a
question of physiological relevance prevents these methods of being practical. Another
approach might be rapid freezing of the sample and cryomicroscopy, which would
allow the sample to be observed in a more native state.
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Insights into the tethering model might also reveal solutions to the pitfalls we

experienced while trying to cleave or strip bound virus from the host cell. In this case,
there are a few reasons we may have been unsuccessful. First, there may be additional
binding partners in the tether. This scenario is unlikely, given the ability of an
“artificial tetherin,” comprised of parts of numerous different proteins, to effectively
tether virus. Second, the structure of the tether and multiplicity of BST-2 within the
tether might prevent enzymes such as PLC from accessing its site of action. Third, the
protein may not be affected by PLC, although this seems unlikely since PLC could
cleave the GPI-only BST-2 (data not shown). This leads to a fourth possibility. PLC
was not completely effective against GPI-BST-2. It is possible that even if PLC did
work on most of the full-length BST-2 protein at the cell surface, that virions would
not be cleaved off if only very few tethering molecules were required for function.
As stated in Chapter 4 of this dissertation, future work includes further analysis
of the Vpu mutant viruses. I hope to have this work finished in the weeks following
my defense, but there will be additional work to verify and further characterize the
phenotypes observed. If the effect is truly independent of CD4 and BST-2, but is
dependent on the S52/56 region, next steps could include determination of other
factors dependent on this domain and their impact on the cell-cell spread of HIV in the
system described.
Finally, the paradoxically negative effect of Vpu on viral spread in vitro
suggests several possibilities that need to be considered. One is that BST-2 is not a
particularly potent restriction factor when cell-to-cell spread is allowed in the culture
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system. This finding suggests that BST-2 might play other roles in vivo that have
induced the virus to evolve a Vpu protein capable of counteracting it. This role might
be the recently described activity of BST-2 as an innate signaling protein, potentially
able to contribute to the “sensing” of viruses via stimulation of NF-κB transcriptional
activity (references). Lastly, that Vpu’s effects on viral spread in culture seem
attributable neither to its known targets CD4 and BST-2 suggests that other proteins
modulated by Vpu remains to be identified.
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