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Identification of an inhibitory budding signal that
blocks the release of HIV particles and exosome/

microvesicle proteins

Xin Gan and Stephen J. Gould
Department of Biological Chemistry, Johns Hopkins University School of Medicine, Baltimore, MD 21205

ABSTRACT Animal cells bud exosomes and microvesicles (EMVs) from endosome and plasma
membranes. The combination of higher-order oligomerization and plasma membrane bind-
ing is a positive budding signal that targets diverse proteins into EMVs and retrovirus parti-
cles. Here we describe an inhibitory budding signal (IBS) from the human immunodeficiency
virus (HIV) Gag protein. This IBS was identified in the spacer peptide 2 (SP2) domain of Gag,
is activated by C-terminal exposure of SP2, and mediates the severe budding defect of pé-
deficient and PTAP-deficient strains of HIV. This IBS also impairs the budding of CD63 and
several other viral and nonviral EMV proteins. The IBS does not prevent cargo delivery to the
plasma membrane, a major site of EMV and virus budding. However, the IBS does inhibit an
interaction between EMV cargo proteins and VPS4B, a component of the endosomal sorting
complexes required for transport (ESCRT) machinery. Taken together, these results demon-
strate that inhibitory signals can block protein and virus budding, raise the possibility that the
ESCRT machinery plays a role in EMV biogenesis, and shed new light on the role of the p6
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domain and PTAP motif in the biogenesis of HIV particles.

INTRODUCTION

Animal cells release small single-membrane vesicles (~50-250 nm)
that have the same topology as the cell (Trams et al., 1981; Pan and
Johnstone, 1983; Gould et al., 2003; Fang et al., 2007; Schorey and
Bhatnagar, 2008; Cocucci et al., 2009; Simons and Raposo, 2009;
Thery et al., 2009). These vesicles mediate the release of specific
proteins, lipids, mRNAs, and microRNAs; transmit signals to
neighboring cells; and traffic molecules from the cytoplasm and
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membranes of one cell to the cytoplasm and membranes of others
(Thery et al., 2002; Valadi et al., 2007; Skog et al., 2008; Simons and
Raposo, 2009). In addition, there is increasing evidence that these
secreted vesicles play important roles in both normal physiological
processes, such as immune signaling (Thery et al., 2009) and devel-
opment (Liegeois et al., 2006; Kolotuev et al., 2009), as well as in
diseases such as cancer (Yu et al., 2006; Yu et al., 2009; Keller et al.,
2009), viral infections (Dukers et al., 2000; Gould et al., 2003; Fang
et al., 2007; Logozzi et al., 2009; Nazarenko et al., 2010), and amy-
loidopathies (Fevrier et al., 2004; Leblanc et al., 2006; Alais et al.,
2008).

It has been proposed that cells secrete small vesicles by two
separate mechanisms, microvesicle biogenesis and exosome bio-
genesis (Cocucci et al., 2009; Simons and Raposo, 2009). In this
view, microvesicles bud from the plasma membrane, whereas exo-
somes are secreted by a two-step process in which vesicles 1) bud
at endosomes to form multivesicular bodies (MVBs) and 2) are sub-
sequently released after the fusion of MVBs with the plasma mem-
brane. However, there is as yet no evidence that exosomes cannot
bud from the plasma membrane, and there is significant evidence
that plasma membranes can be a major site for budding of exo-
somal proteins, lipids, and their associated carbohydrates (Booth
et al., 2006; Fang et al., 2007; Krishnamoorthy et al., 2009; Marsh
et al., 2009). Furthermore, there is as yet no physical property or
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molecular marker that can reliably differentiate microvesicles from
exosomes once they are secreted (Simons and Raposo, 2009). These
empirical and technical considerations make it difficult to distinguish
exosomes from microvesicles, and we therefore refer to these vesi-
cles by the collective acronym of EMV. The budding of human im-
munodeficiency virus (HIV) and other retroviruses shares many fea-
tures with EMV biogenesis (Gould et al., 2003), including the ability
to bud from the surface of some cell types but via MVB-like struc-
tures in others (Morita and Sundquist, 2004; Freed and Martin, 2006;
Marsh et al., 2009).

One approach to understanding the biogenesis of secreted
vesicles is to identify the cis-acting signals that target proteins to
EMVs. We previously reported that the combination of plasma
membrane binding and higher-order oligomerization is sufficient to
target proteins to EMVs as well as their enrichment at sites of EMV
budding (Fang et al., 2007). In addition, we found that these same
signals are sufficient to target proteins to HIV particles and are the
primary budding signals in HIV Gag (Fang et al., 2007), lending fur-
ther support to the EMV model of retrovirus budding (Gould et al.,
2003). Although these observations advanced our understanding
of protein and virus budding, they also raised a number of ques-
tions. For example, it is currently unclear how higher-order oli-
gomerization and plasma membrane binding generate a biochem-
ical signal. Also, there is no information on the cellular factors that
recognize this signal, deliver cargo proteins to sites of budding, or
catalyze EMV budding. This last aspect of the process is particularly
perplexing, for there is a wealth of evidence that the endosomal
sorting complexes required for transport (ESCRT) machinery can
catalyze topologically identical budding events in vitro and is re-
quired for topologically similar events in vivo (e.g., MVB biogenesis,
cytokinesis, and retrovirus budding [Saksena et al., 2007; Hurley,
2008; Hanson et al., 2009; Wollert et al., 2009]). Nevertheless, the
empirical evidence is that ESCRT dysfunction does not impair EMV
biogenesis (Fang et al., 2007; Trajkovic et al., 2008). As for the fac-
tors that do promote EMV biogenesis, several have been identi-
fied, including Rab11 (Savina et al., 2002), Rab27 (Ostrowski et al.,
2010), Rab35 (Hsu et al., 2010), citron kinase (Loomis et al., 2006),
p53 (Yu et al., 2006, 2009), TSAP6 (Yu et al., 2006, 2009), neutral
sphingomyelinase, and ceramide (Trajkovic et al., 2008). However,
it is still unclear how these factors combine to promote vesicle
secretion.

Although the budding of HIV has attracted a great deal of atten-
tion, there is still no clear consensus about the regions of HIV Gag
that are sufficient for its vesicular release. On one hand, there is
strong evidence that higher-order oligomerization and plasma
membrane binding are the primary budding signals in HIV Gag and
that these lie within the matrix (MA), capsid (CA), and nucleocapsid
(NC) domains of Gag, and not its C-terminal pé domain (Demirov
et al., 2002; Fang et al., 2007). On the other hand, there is strong
evidence that the p6 domain might play a critical role in budding, as
deletion of just the p6 domain can cause a severe defect in HIV bud-
ding from certain cell lines, including 293T cells (Gottlinger et al.,
1991; Demirov et al., 2002). Here we sought to resolve these para-
doxical results by identifying the cis-acting regions of HIV Gag that
control its budding from 293T cells.

RESULTS

C-terminal exposure of spacer peptide 2 blocks the budding
of HIV Gag

The precise removal of the pé domain from HIV Gag can cause a
severe defect in HIV budding from 293T and certain other cell types
(Gottlinger et al., 1991; Demirov et al., 2002). On the basis of these
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(and other) observations, it has been proposed that the p6 domain
represents the positive budding signal in HIV and HIV Gag (Morita
and Sundquist, 2004; Bieniasz, 2009). However, it has also been
demonstrated that loss of pé has little or no effect on the budding
of HIV from human T-cells (Demirov et al., 2002; Fang et al., 2007),
a result that argues against a primary role for the p6 domain in Gag
and virus budding. As a first step toward resolving this paradox, we
tested whether HIV Gag displayed a similar dependence on its pé
domain for budding from 293T cells. Specifically, we transfected
293T cells with plasmids designed to express wild-type (WT) HIV
Gag or a p6-deficient form of HIV Gag, Gag(p49). We then incu-
bated the cells for 2 d, collected cells and secreted vesicles (EMVs),
separated the samples by SDS-PAGE, and processed them for im-
munoblot using antibodies specific for HIV Gag. Loss of the p6
domain caused an approximately sevenfold decrease in budding
(Figure 1B), to 15+ 3.0% (average = 1 SD) of WT HIV Gag (n=3; p =
4.3 x 107%). Thus deletion of the p6 domain causes a severe defect
in the budding of Gag from 293T cells.

The severe budding defect caused by loss of the pé domain is
thought to be caused by the concomitant loss of specific ESCRT-
binding motifs that lie within the p6 domain and, in particular, to the
loss of the PTAP motif that binds the ESCRT protein tumor suppres-
sor gene 101 (TSG101) (Garrus et al., 2001; Morita and Sundquist,
2004, Bieniasz, 2009). If this model is correct, elimination of the
PTAP motif, by mutating it to the amino acids LIRL (Huang et al.,
1995), should also cause a severe defect in budding. However, when
we compared the budding of Gag(pé" ™R to that of Gag(p4?)
and WT HIV Gag (Figure 1B), we found that Gag(p6"™R) budded
just as well as WT HIV Gag (110 + 26%; n = 3; p = 0.56). Thus the
severe budding defect of pé-deficient HIV Gag was not caused by
loss of the PTAP motif. As for whether the budding defect might be
caused by loss of an Alix-binding motif, the Gag protein we worked
with in these studies lacks the pé-localized Alix-binding site found in
some other HIV strains (Strack et al., 2003).

Given that the severe budding defect of Gag(p49) is not caused
by loss of the sole ESCRT-binding site (PTAP) in p6, we considered
the possibility that some other difference was responsible for the
severe budding defect of p6-deficient Gag. One obvious difference
is that Gag(p49) has a new C terminus composed of the spacer pep-
tide 2 (SP2) domain (SP2 has the sequence FLGKIWPSHKGRPGNF-
coon and lies between the NC and p6 domains of the Gag transla-
tion product; Figure 1A). To determine whether C-terminal exposure
of SP2 might contribute to the budding defect of Gag(p49), we ex-
amined the effect of masking its C terminus. Specifically, we ap-
pended epitope tags to the C terminus of Gag(p49) and followed
the budding of the resulting proteins (Figure 1B). Gag(p49)-3xmyc
and Gag(p49)-SF budded far better than Gag(p49) and no differ-
ently from WT HIV Gag (80 £ 15% and 109 + 28%, respectively; n =
3; p=0.15 and 0.61, respectively). The SF tag is a 61 amino acid-
long tag carrying four copies of the Strep tag and two copies of the
Flag tag.

To further explore the idea that C-terminal exposure of SP2
might inhibit Gag budding, we followed the budding of Gag-SP2, a
full-length HIV Gag protein containing an additional copy of the SP2
peptide appended to its C terminus. 293T cells were transfected
with plasmids designed to express either WT HIV Gag or Gag-SP2
and incubated for 2 d, and then cell and EMV lysates were col-
lected. Immunoblot analysis of these samples using anti-Gag anti-
bodies revealed a severe budding defect for Gag-SP2 (Figure 1C),
only 4.2 + 3% relative to the WT control (n = 4; p = 6.3 x 1079). This
result demonstrates that C-terminal exposure of SP2 has a potent
inhibitory effect on Gag budding. Additional experiments revealed
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Identification of an inhibitory budding signal. (A) Line
diagram of Gag proteins. (B-D) Immunoblots of EMV and cell lysates
from 293T cells expressing WT and mutant Gag proteins, probed with
antibodies specific for HIV Gag. As with all experiments in this study,
the cells were transfected with equal amounts of plasmid, and EMVs
and cells were loaded at the same ratio. Furthermore, bar graphs of
relative budding (in arbitrary units) display the average (solid bar) and
SD (error brackets) from at least three trials, relative to WT control,
where *** denotes a p value < 0.0005, ** denotes a p value < 0.005,
and * denotes a p value < 0.05. (B) Immunoblot of EMV and cell
lysates from 293T cells expressing WT HIV Gag, Gag(p49),
Gag(p6"™PHRY), Gag(p49)-3xmyc, and Gag(p49)-SF. The bar graph to
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that the internal copy of SP2 in WT HIV Gag did not inhibit its bud-
ding and did not contribute significantly to the poor budding of
Gag-SP2 (Figure 1C). The potent effect of exposing SP2 at the C
terminus was also observed in the context of Gag(p49)-SF (Figure 1C),
as Gag(p49)-SF-SP2 budded very poorly, only 1.7 £ 0.8% in
comparison to Gag(p49)-SF (n=3; p=2.3 x 1079).

These results support the hypothesis that the severe budding
defect displayed by Gag(p49) is also caused by C-terminal exposure
of SP2. If true, a Gag protein with a slightly larger deletion, one that
removes the p6 domain and also the inhibitory elements within SP2,
should bud from 293T cells nearly as well as WT HIV Gag. To test
this prediction, we compared the budding of Gag(p49) to that of
Gag(p47), which lacks all of p6 and also the C-terminal 12 amino
acids of SP2 (Figure 1D). In each of three trials we observed that this
shorter protein, Gag(p47), budded as well as WT HIV Gag (103
7%; p > 0.05) and far better than Gag(p49) (14 + 3% of WT; n = 3;
p <0.0005). These data demonstrate that the budding defect of p6-
deficient HIV Gag was caused primarily by C-terminal exposure of
SP2 and not by loss of any positive budding information that may
reside within the p6 domain.

C-terminal exposure of SP2 activates a cis-acting inhibitory
budding signal
The inhibitory effect of C-terminal SP2 exposure could be restricted
to just HIV Gag. Alternatively, it could reflect the existence of an in-
hibitory budding signal (IBS) that can impair the budding of heter-
ologous proteins. To distinguish between these possibilities, we ap-
pendedthe C-terminal 12 amino acids of SP2 IWPSHKGRPGNFcoop,
which we refer to as SP2*) to the C terminus of several other bud-
ding-competent proteins and assayed their budding from 293T
cells. Gag proteins from retroviruses typically bud well from animal
cells, and SF-tagged versions of the equine infectious anemia virus
(EIAV), Rous sarcoma virus (RSV), and human T-lymphotropic virus 1
(HTLV-1) Gag proteins all budded at high levels from 293T cells
(Figure 2A). Moreover, we found that addition of SP2* to the C ter-
minus of these proteins impaired their budding from 293T cells
(Figure 2A), to 24 £ 2% in the case of EIAV Gag-SF-SP2* (n=3; p =
0.0002), 5.2 £ 7% in the case of RSV Gag-SF-SP2* (n = 3; p =0.002),
and 5.7 £ 5% in the case of HTLV-1 Gag-SF-SP2* (n=3; p =8 x 1079).
Given that the HIV, EIAV, RSV, and HTLV-I Gag proteins lack signifi-
cant amino acid sequence similarity and share only a single, short
motif (QXXXEXXXXX OXRO) within their CA domains (Benit et al.,
1997), these results indicate that C-terminal exposure of SP2* acti-
vates an IBS that can block the budding of heterologous proteins.
To test whether the activity of the IBS extended to nonviral EMV
proteins, we created plasmids designed to express SF-tagged forms
of CD63 and CD63-SP2*, transfected these into 293T cells, and as-
sayed EMV and cell lysates for the relative budding of each protein.
CDé63 is an integral membrane protein that is secreted in EMVs by
numerous cell types and is the most commonly used marker of
EMVs (Simons and Raposo, 2009). CD63-SF budded well from 293T
cells (Figure 2B), demonstrating that this C-terminally tagged form
of human CDé3 is an EMV cargo protein. The budding of

the right displays the relative budding in arbitrary units.

(C) Immunoblot of EMV and cell lysates from 293T cells expressing
WT HIV Gag, Gag-SP2, Gag(ASP2), Gag(ASP2)-SP2, Gag(p49)-SF, and
Gag(p49)-SF-SP2, with the bar graph to the right showing the relative
budding from multiple trials. (D) Immunoblot of EMV and cell lysates
from 293T cells expressing WT HIV Gag, Gag(p49), and Gag(p47). As
above, the bar graph shows the relative budding efficiency of each
protein, expressed as described above.
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FIGURE 2: The IBS inhibits the budding of heterologous proteins.

(A) Immunoblots of EMV and cell lysates from 293T cells expressing
(left blots) EIAV Gag-SF and EIAV Gag-SF-SP2*, (center blots) RSV
Gag-SF and RSV Gag-SF-SP2*, and (right blots) HTLV-1 Gag-SF and
HTLV-1 Gag-SF-SP2*, probed with anti-Flag antibodies specific for the
SF tag. Asterisks denote the primary translation product, and the bar
graph displays the average and SD of their relative budding.

(B) Immunobilots of EMV and cell lysates from 293T cells expressing
(left blots) CD63-SF and CD63-SF-SP2*, and (right blots) Acyl-LZ-
DsRED and Acyl-LZ-DsRED-SP2*, probed with antibodies specific for
the SF tag or DsRED, respectively. CD63 is heavily and
heterogeneously glycosylated, giving rise to proteins with varying M,
that are highlighted by brackets. The bar graph to the right displays
the relative budding data from a minimum of three trials, as described
above. (C) Anti-Flag immunoblots of EMV and cell lysates from 293T
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CD63-SF-SP2* was substantially less than CD63-SF (3.0 £ 3%; n=3;
p = 0.0004), supporting the hypothesis that C-terminal exposure of
SP2* activates an IBS. We also examined the effect of the IBS on
Acyl-LZ-DsRED (Fang et al., 2007). Acyl-LZ-DsRED budded well
from 293T cells whereas Acyl-LZ-DsRED-SP2* displayed no detect-
able budding from these cells (Figure 2B).

We next tested whether the IBS impaired the budding of all EMV
cargoes from the cell or whether its effect was limited to the protein
to which it was attached. To do this we cotransfected 293T cells with
plasmids designed to express 1) the EMV marker CD63-SF and 2)
either green fluorescent protein (GFP) or Gag-SP2. After incubating
the cells for 2 d, we collected cell and EMV lysates and processed
them for immunoblot using antibodies specific for the SF tag. The
budding of CD63-SF was no less in cells expressing Gag-SP2 than in
cells expressing GFP (Figure 2C), indicating that expression of an
IBS-containing cargo does not impair EMV budding in general. In
fact, expression of Gag-SP2 led to a slight increase in the budding
of CD63-SF, to 140 + 14% (n = 3; p = 0.047).

Mutational analysis of the IBS

To better understand the structural basis for IBS function, we per-
formed a series of mutational studies, using Gag-SP2 as the test
protein. Deletion of just the C-terminal amino acid, F16, resulted in
a Gag-SP2 protein that budded quite well from 293T cells, and loss
of additional residues from the SP2 C terminus had similar effects
(Figure 3, A and B). Removing the N-terminal 2 or 4 amino acids of
SP2 had little if any effect on IBS activity, while deletion of the N-
terminal 7 amino acids impaired IBS activity, and larger deletions
seemed to eliminate IBS function altogether (Figure 3, A and B).
These observations are consistent with 1) the ability of the C-termi-
nal 12 amino acids of SP2 (SP2*, amino acids 5-16 of SP2) to block
the budding of viral and nonviral EMV cargoes, and 2) the observa-
tion that removing SP2* is what allowed Gag(p47) to bud much bet-
ter than Gag(p49) and nearly as well as WT HIV Gag (see
Figure 1D).

On the basis of these results, it appeared that the IBS was lo-
cated within the 12 amino acids from lle-5 to Phe-16. To identify the
amino acids within this region that are critical to IBS function, we
replaced each of them with alanine, again in the context of the Gag-
SP2 protein (Figure 3C). Consistent with our previous observations,
Gag-SP2 budded poorly, 4.2 + 3% (n = 4; p < 0.0005) relative to full-
length HIV Gag. Similar results were observed for Gag-SP2 variants
in which alanine had been substituted for Pro-7 (5.8 + 3%), Ser-8
(9.9 + 4%), His-9 (8.2 £ 3%), Lys-10 (4.8 £ 3%), Gly-11 (6.6 £ 2%), or
Gly-14 (4.2 £ 2%), indicating that these amino acids do not play es-
sential roles in IBS function (numbers are from four trials, and in all
cases there was no significant difference from the budding of
Gag-SP2 (p > 0.05). In contrast, substituting alanine for several other
residues effectively eliminated IBS activity, seen here by the high
levels of budding detected for the lle-5A (190 + 16%, relative to full-
length HIV Gag), Trp-6A (210 £ 8%), Arg-12A (190 + 22%), Pro-13A
(200 £ 22%), Asn-15A (240 + 25%), and Phe-16A (130 £ 13%) variants
of Gag-SP2 (n = 4; p < 0.005). These mutants also budded slightly
more than WT HIV Gag (p < 0.05).

Although the single alanine substitutions identified several
critical residues within the IBS, these particular alanine substitution

cells expressing 1) CD63-SF and GFP or 2) CD63-SF and Gag-SP2.
CDé63 is once again highlighted with brackets, and the data from
multiple trials are presented in the bar graph to the right.
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FIGURE 3: Mutational analysis of the IBS. (A, B) Deletion analysis of the IBS. (A) Line diagram displaying the
organization of Gag, Gag-SP2, and the amino acid sequences of the SP2 deletion mutants generated in the Gag-SP2
protein. (B) Anti-Gag immunoblots of EMV and cell lysates from 293T cells expressing WT HIV Gag, Gag-SP2, and the
AN and AC mutations of the C-terminal SP2 peptide. (C) Alanine scanning mutagenesis of the IBS. Anti-Gag
immunoblots were performed on EMV and cell lysates from 293T cells expressing WT HIV Gag, Gag-SP2, and alanine
substitution mutants of the 12 amino acids that lie within the functional domain of SP2. The bar graph to the right shows
the relative budding of each protein ascertained from three independent trials. (D) Anti-Gag immunoblots of EMV and
cell lysates from 293T cells expressing WT HIV Gag, Gag-SP2, and four variants of Gag-SP2 that carried virus-
compatible mutations of critical residues of the IBS. (E) Anti-Flag immunoblots of EMV and cell lysates from 293T cells
expressing CD63-SF-SP2* and a variant of CD63-SF-SP2* that has the four-amino acid substitution mutation in the SP2
peptide, RPNF to KLSS.
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FIGURE 4: Inactivation of the IBS suppresses the budding defect of
p6-deficient HIV and reduces HIV infectivity. (A) Sequences of HIV and
relevant HIV mutants. Top line is the deduced amino acid sequence of
the Gag ORF in the vicinity of the SP2/p6 junction, denoted by the
vertical line between GNF and LQS. The next line shows the positions
of the DNA sequence changes in the corresponding mutant
proviruses. (B) Anti-Gag immunoblot of virus and cell lysates from
293T cells expressing control HIV (NL4.3*), pé-deficient HIV (NL4-
3*[p6t'ter]), and variants of p6-deficient HIV that have inactivating
mutations in the IBS (NL4-3*[p6tTter/SP2R12K], NL4-3*[p6tTter/SP2P13t],
NL4-3*[p6-"ter/SP2N155], and NL4-3*[p6-'te/SP2RPNFKLSS]) The p55 and
p49 Gag proteins are the primary translation products of the control
and pé-deficient proviruses, respectively. The p41 products are
generated by Gag cleavage at either of the PR sites that lie between
CA and NC. The p24/25 CA products are generated by additional
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mutations cannot be introduced into an HIV proviral clone without
also changing the amino acid sequence of the Gag-Pol polyprotein
(the ribosomal frameshift in the translation of the Gag open reading
frame [ORF] to generate the Gag-Pol protein occurs just upstream
of the SP2 coding region [Freed and Martin, 2006]). We therefore
examined the relative budding of four additional substitution muta-
tions in SP2, three single amino acid substitutions (SP2R12K, SP2P13L,
and SP2N158) and a four—-amino acid substitution (SP2RPNFKLSS) Each
of these mutations impaired IBS function in the context of the Gag-
SP2 protein (Figure 3D).

We also tested whether one of these mutations could inactivate
the IBS in the context of a nonviral EMV cargo. For this we com-
pared the budding of CD63-SF-SP2* to that of CD63-SF-SP2*RPNFKLSS,
The budding of CD63-SF-SP2*RPNFKLSS \yas higher than that of
CD63-SF-SP2* (Figure 3E), consistent with the hypothesis that these
residues play an important role in IBS activity.

IBS inactivation suppresses the budding defect of
p6-deficient HIV

The preceding observations demonstrated that the severe budding
defect of p6-deficient HIV is effectively phenocopied by pé-defi-
cient HIV Gag protein and that this budding defect is caused primar-
ily by C-terminal exposure of SP2 and the concomitant activation of
an IBS. However, our studies were carried out on a Gag protein from
a different strain (type C) than that used in most studies on HIV bud-
ding (type B). Moreover, they were carried out on Gag and not virus.
To determine whether our findings were relevant to a type B HIV
strain, we tested whether the IBS was responsible for the severe
budding defect of a pé-deficient from of NL4.3, a commonly used
type B clone. NL4.3* is our designation for NL4-3-AE-GFP, a variant
of NL4.3 designed for measuring HIV infectivity (Zhang et al., 2004)
and the parental clone we used for all experiments. To eliminate p6
expression, we used the pé-'**" mutation, which terminates the HIV
Gag ORF at the first codon (Leu) of pé and causes a severe budding
defect in 293T cells (Huang et al., 1995; Demirov et al., 2002; Fang
et al., 2007).

To explore the contribution of the IBS to the budding defect of
pé-deficient HIV, we introduced [BS-inactivating mutations into
NL4.3*(p6t"te), transfected control and mutant proviruses into
293T cells, collected cells and viruses, and processed cell and virus
lysates for immunoblot using anti-Gag antibodies. As expected,
NL4.3* budded well from 293T cells, whereas the budding of
NL4.3*(p6-"te") was significantly reduced, only 23 + 3% of control
(h=3; p=5.5% 107 (Figure 4B). In contrast, forms of NL4.3*(pé-"*")

cleavage of p41 between MA and CA. Note that most of the Gag
protein in viruses produced by WT HIV is fully cleaved (p24) whereas
most of the Gag protein detected in the viruses produced by
p6-deficient HIV is either uncleaved (p49) or cleaved at one or two of
the sites that lie between CA and NC (p41). The relative budding
efficiencies of each virus are presented in the bar graph to the right,
and in all cases the p value was calculated relative to WT control.

(C) Relative infectivity of the same control and mutant viruses as in
(B). The p values for the infectivity of the doubly mutant viruses are in
relation to the infectivity of NL4-3*(p6"t). (D) BLAST alignment of
the HIV SP2 domain with the SIV Gag protein shows the conservation
of many IBS residues. (E) Relative infectivity of NL4.3* and
NL4.3*(SP2P'3L), presented as the average £ 1 SD, with *** denoting a
p value < 0.0005. Anti-Gag immunoblot of virus and cell lysates from
293T cells expressing control and mutant viruses. (F) Anti-Gag
immunoblot of virus and cell lysates of 293T cells expressing NL4.3*
and NL4.3*(SP2P13h), with the averages + 1 SD presented graphically
at the right.
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that carried inactivating mutations in the IBS budded at nearly WT
levels, 94 + 2% for NL4.3*(SP2R12</p6L1te), 110+ 7% for NL4.3*(SP2P13L/
pétten, 100 + 2% for NL4.3*%(SP2N'15S/pthen), and 96 + 3% for
NL4.3*(SP2RPNFKLSS/p6Liter) (n = 3; p = 0.024, 0.18, 0.96, and 0.12, re-
spectively). These data demonstrate that inactivation of the IBS sup-
presses the budding defect of pé-deficient HIV. As such, these obser-
vations provide strong evidence that the budding defect of
p6-deficient virus is caused primarily by the C-terminal exposure of
SP2 and the concomitant activation of the IBS, and not by loss of
any positive budding information that might reside within the pé
domain.

The IBS contributes to HIV infectivity

We also assessed the relative infectivity of these viruses. For this we
took advantage of the fact that NL4.3* allows one to measure the
infectivity of mutant HIV viruses by direct visualization of transfected
and infected cells (NL4.3* encodes a form of GFP that is localized to
the endoplasmic reticulum [Zhang et al., 2004)). In brief, we 1)
cotransfected HIV proviruses into 293T cells together with a plasmid
designed to express VSV-G, a fusogenic ENV protein (Zhang et al.,
2004); 2) incubated the cells for 2 d; 3) collected virus samples; 4)
used them to infect CD4* T-cells; and 5) scored the relative infectiv-
ity of each provirus by counting the number of NL4.3*-expressing
(GFP-positive) T-cells, normalized to the number of NL4.3*-express-
ing 293T cells in the first phase of the assay (Zhang et al., 2004).
These experiments revealed that the p6''*r mutation reduced HIV
infectivity ~50-fold (Figure 4C), to 1.4 £ 0.2% of WT HIV (n = 4;
p < 0.0005). In contrast, we observed a three- to fivefold increase
in the infectivity of p6-deficient HIV when the IBS was also inacti-
vated, to 7.6 £ 0.9% for NL4-3*(p6-1te/SP2RPNFKLSS) 4.5 + 0.6% for
NL4-3*(p6H1te/SP2R12K), 5.1 + 0.8% for NL4-3*(p6-"te/SP2P13L), and
5.2 + 1% for NL4-3*(p6Lter/SP2N1SS),

On the basis of these observations, it appears that IBS inactiva-
tion fully suppresses the budding defect of pé-deficient HIV but
only partially suppresses its infectivity defect. This is not surprising
when one considers that 1) the HIV accessory protein Vpr plays crit-
ical postentry roles in the HIV life cycle (Freed and Martin, 2006),
and 2) loss of pé eliminates the Vpr-binding site that HIV uses to
recruit Vpr into nascent virions (Paxton et al., 1993; Freed and
Martin, 2006). Moreover, the fact that the IBS has potent biological
activity and is conserved between simian immunodeficiency virus
(SIV) and HIV (Figure 4D) raises the possibility that the IBS might
itself contribute to HIV infectivity. To test this hypothesis, we intro-
duced the SP2P3L mutation into NL4.3* and determined its effect
on HIV infectivity. The P13L mutation reduced HIV infectivity
approximately sevenfold (Figure 4D), to 15 £ 2% of control (n = 3;
p < 0.0005). This effect was not caused by a drop in HIV budding
(Figure 4E) as this virus budded at the same level as WT control
(96 £5%; n=4; p=0.27). These data demonstrate that the IBS plays
a positive role in the HIV life cycle.

The budding defect of PTAP-deficient HIV requires Gag-Pol
and the IBS

We next attempted to understand why PTAP-deficient HIV Gag
buds at nearly WT levels (see Figure 1, A and B) whereas PTAP-defi-
cient virus has a budding defect as severe as pé-deficient HIV, seen
here by the poor budding of both NL4.3%*(p6PTAPLRY  and
NL4.3*(p6ét"e) (Figure 5, A and B). Intriguingly, cells expressing
PTAP-deficient HIV generated significantly higher levels of Gag(p49)
than the control virus. This raised the possibility that loss of the PTAP
motif results in the activation of the IBS, via the aberrant, PR-mediated
cleavage of Gag at the SP2/p6 junction.
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FIGURE 5: Gag-Pol and the IBS are required for the budding defect
of PTAP-deficient HIV. (A) Sequences of HIV and relevant HIV mutants.
Top line is the deduced amino acid sequence of the Gag ORF in the
vicinity of the SP2/p6 junction, denoted by the vertical line between
GNF and LQS. The next line shows the positions of the DNA
sequence changes in the corresponding mutant proviruses.

(B) Anti-Gag immunoblot of virus and cell lysates from 293T cells
expressing control HIV (NL4.3*), p6-deficient HIV (NL4-3*[p6"t"]), and
PTAP-deficient HIV (NL4-3*[p6PTAP-LIRL)) (C) Anti-Gag immunoblot of
virus and cell lysates from 293T cells expressing NL4.3*(TFt"),
NL4.3*(TFter/p6PTAPLRL) NL4.3*(TFter/p6tTter), and NL4.3*(TFter/Sp2ister),
with the averages and SD plotted to the right. (D) Anti-Gag
immunoblot of virus and cell lysates from 293T cells expressing
NL4.3*, NL4.3*(T|:ter/p6PTAP-LIRL)’ and N|_4.3*(SP2RPNF-KLSS/péPTAP-LIRL)’
with the averages and SD plotted to the right.

If this hypothesis is correct, it should be possible to suppress the
budding defect of PTAP-deficient HIV by eliminating expression of
the Gag-Pol polyprotein (the viral protease, PR, is generated only
via expression of Gag-Pol [Freed and Martin, 2006]). To test this
prediction, we created a form of HIV, NL4.3*(TF*"), that is unable to
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express the Gag-Pol polyprotein due to a nonsense mutation in the
transframe region of the Gag-Pol ORF (the TF*" mutation blocks
Gag-Pol translation but does not alter the predicted translation
product of the Gag ORF [Figure 5A]). Following transfection of 293T
cells with the corresponding proviruses, we found that the TF®" mu-
tation suppressed most of the budding defect caused by loss of the
PTAP motif: NL4.3*(TF®e/p6PTAPLRY budded from cells at 83 + 2%
(n=4; p=0.0054) of that seen for NL4.3*(TF'**"). In contrast, the TF*
mutation did not suppress the budding defect of p6-deficient HIV
(Figure 5C), as NL4.3*(TF**"/p6L"**) budded at only ~7% the level of
NL4.3*(TFter) (6.9 £ 1%; n =4; p = 9.9 x 107). The budding defect of
NL4.3*(TFte/p6ttter) could, however, be suppressed by elimination
of SP2, shown here by the nearly normal budding of NL4.3*(TF®/
SP2'5ten) (92 + 3% relative to control; n =4; p =0.012). This virus has
a stop codon in place of lle-5 of the SP2 domain, expresses neither
the IBS nor the pé domain, and budded ~13-fold more than
NL4.3*(TFter/p6tten).

If the budding defect of PTAP-deficient HIV involves the PR-me-
diated activation of the IBS, it should also be suppressed by inacti-
vating mutations in the IBS. To test this prediction, we compared the
budding of NL4.3*, NL4.3%(p6"TAPLRY - and  NL4.3%(SP2RPNFLSS/
p&FTAPLIRY Following the transfection of 293T cells with the corre-
sponding viruses, we found that NL4.3*(p6" PR budded at 8.7 +
0.4% of control virus (n = 3; p = 5.3 x 107) and that inactivation of
the IBS largely suppressed this budding defect (Figure 5D), elevating
it eightfold to 70 £ 3% of control (n = 3; p = 0.001).

The IBS does not block membrane binding

In an effort to understand how the IBS might function, we first exam-
ined its effect on the membrane-binding activity of HIV Gag. 293T
cells were transfected with plasmids designed to express HIV Gag
or HIV Gag-SP2, incubated for 2 d, and lysed in hypotonic buffer to
generate membrane fragments. The lysates were adjusted at a high
concentration of sucrose (73%) and split into several tubes, and then
one portion was fractionated by sucrose density flotation gradient
centrifugation. Under these conditions, free proteins remain at the
bottom of the gradient whereas membrane-associated proteins
float to upper fractions due to the low density of the membranes to
which they are attached. When the resulting fractions were assayed
for the presence of Gag proteins by immunoblot, we found that
both Gag and Gag-SP2 floated out of the initial, high-density frac-
tion into the lower density fractions, as expected for membrane-as-
sociated proteins (Figure 6A). The only difference in the behavior of
Gag-SP2 was that it was more highly enriched in the membrane-
associated fractions (140 + 18%; n = 3; p = 0.050).

To test whether the flotation of these proteins was truly due to
their association with membranes, we preincubated an aliquot of
each lysate with 0.25% Triton X-100 for 20 min at 37°C, a treatment
that is known to solubilize biological membranes. These samples
were also subjected to sucrose density gradient centrifugation, and
the resulting fractions were analyzed by immunoblot using anti-Gag
antibodies. Following this treatment, neither protein floated out of
the initial high-density fractions (Figure 6B). In contrast to treatment
with warm Triton X-100, treatment with cold Triton X-100 fails to fully
solubilize membrane domains that are enriched in cholesterol and
sphingolipids (Edidin, 2003; Lingwood et al., 2009), and HIV Gag is
enriched in these detergent-resistant membrane (DRMs) fractions
(Nguyen and Hildreth, 2000; Ono and Freed, 2001). To determine
whether the IBS might impair this aspect of Gag activity, we added
cold Triton X-100 to yet another portion of the lysates and then
subjected them also to sucrose density gradient centrifugation. Gag
and Gag-SP2 were both enriched in DRMs (Figure 6C), though
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FIGURE 6: The IBS does not impair membrane binding.

(A-C) Anti-Gag immunoblots of fractions from sucrose density
flotation gradients that were carried out on (A) cell lysates from 293T
cells expressing (top) HIV Gag and (bottom) Gag-SP2, (B) cell lysates
from 293T cells expressing (top) HIV Gag and (bottom) Gag-SP2 that
had been preincubated with 0.25% Triton X-100 for 20 min at 37°C,
and (C) cell lysates from 293T cells expressing (top) HIV Gag and
(bottom) Gag-SP2 that had been preincubated with 0.25% Triton
X-100 for 20 min at 4°C. Fractions were collected from the top of the
gradient, with fraction 1 having the lowest density and fraction 10
having the highest density.

Gag-SP2 showed a slightly greater enrichment in DRM fractions
(140 £ 3%; n = 3; p =0.002) than WT Gag.

The IBS does not prevent plasma membrane localization

We next tested whether the IBS might act by preventing its traffick-
ing to the plasma membrane. Immunofluorescence microscopy
revealed that WT HIV Gag was distributed throughout the cell
(Figure 7, A-D), consistent with prior reports on the steady-state
distribution of this protein (Freed, 1998; Freed and Martin, 2006;
Morita and Sundquist, 2004). In contrast, Gag-SP2 was highly en-
riched at the plasma membrane and in many cells was concen-
trated at large patches of the plasma membrane (Figure 7, E-H).
Thus the IBS did not prevent the trafficking of Gag to the plasma
membrane. This conclusion is also supported by the trafficking of
Gag(p49), which was also enriched at the plasma membrane
(Figure 7, | and J). In contrast, Gag(p47) displayed an intracellular
distribution that more closely resembled that of WT HIV Gag, with
no apparent enrichment at the plasma membrane (Figure 7, K and
L). Perhaps the simplest interpretation of these data is that the in-
ability of IBS-activated proteins to bud from cells merely causes
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them to accumulate at the prior step in their journey, the plasma
membrane.

We also tested the effect of the IBS on the subcellular localiza-
tion of CD63-SF. This protein buds well from 293T cells (see Figure 2)
and localizes to the plasma membrane, and addition of the IBS did
not prevent its plasma membrane localization (Figure 7, M=P). These
images are representative of >90% of expressing cells, and each
protein was examined in 100 or more expressing cells. Additional
images of expressing cells are available as supplemental material
(Supplemental Figures S1-S6).

The plasma membrane enrichment of Gag-SP2 should also be
apparent in transmission electron micrographs, as the highly oligo-
meric Gag complex forms an electron-dense lamina under mem-
branes to which it is attached (Freed and Martin, 2006). 293T cells
expressing WT HIV Gag were surrounded by numerous vesicles
containing the electron-dense lamina (Figure 7, Q and R). Cells ex-

Por

FIGURE 7: The IBS does not block plasma membrane localization. (A-P

pressing Gag-SP2 differed in that they failed to secrete Gag-con-
taining vesicles and instead contained a Gag-SP2 lamina underlying
large patches of the plasma membrane (Figure 7, S-U). Although we
occasionally detected cell profiles in which the Gag-SP2 lamina
extended from the plasma membrane (Figure 7V), these were
"headless” extensions that bore no resemblance to the budding
intermediates that accumulate in cells expressing the classic late-
domain mutant Gag(p6"™ R (Figure 7, W and X). Given that the
accumulation of trapped budding intermediates is the defining
characteristic of a “late” budding defect, the IBS appears to block
Gag budding at an earlier stage in the budding process.

The IBS does not prevent Gag-Gag oligomerization

Protein budding, including the budding of HIV and HIV Gag, is
driven by a combination of plasma membrane targeting and higher-
order oligomerization (Fang et al., 2007). Given that Gag-Gag

D, phase

- -””g(p”GPTAP-LlRL)

3

cells expressing (A-D) WT HIV Gag, (E-H) HIV Gag-SP2, (I, J) HIV Gag(p49), (K, L) HIV Gag(p47), (M, N) CD63-SF, and
(O, P) CD63-SF-SP2*. Bar, 10 pm. The images shown here are representative of what was seen in greater than 90% of
expressing cells, with at least 100 expressing cells examined for each protein tested. (Q-X) Transmission electron
microscopy of 293T cells expressing (Q, R) WT HIV Gag, (S-V) HIV Gag-SP2, or (W, X) HIV Gag(p6"™ PR, Bar, 1 pm for

Q-T, V, and W; bar, 100 nm for U and X.

Volume 22 March 15, 2011

An IBS blocks protein budding | 825



oligomerization is required for the formation of an electron-dense
lamina such as that seen in 293T cells expressing Gag-SP2, it is un-
likely that the IBS impairs cargo budding by preventing its oligomer-
ization. Furthermore, it is unclear how such a short peptide (12
amino acids) could impair the budding of so many structurally unre-
lated cargoes (retroviral Gag proteins, CD63, Acyl-LZ-DsRED). Nev-
ertheless, we assessed the effect of the IBS on Gag-Gag coimmuno-
precipitation. As a prelude to such experiments, we tested whether
Gag and Gag-SP2 proteins carrying an N-terminal AcylSF tag (spec-
ifying N-terminal acylation and containing multiple Strep and Flag
tags) retained the relative budding activities of untagged Gag and
Gag-SP2. They did (Figure 8A). Next, we cotransfected 293T cells
with plasmids designed to express 1) Gag-3xmyc and 2) either
AcylSF-Gag or AcyISF-Gag-SP2. Two days later we lysed the cells in
detergent buffer, immunoprecipitated Gag-3xmyc, and probed the
resulting immunoprecipitates for the presence of AcylSF-Gag or
AcylSF-Gag-SP2, respectively. These experiments revealed that the
IBS did not reduce Gag-Gag coimmunoprecipitation (Figure 8B).

HIV Gag forms oligomeric complexes with upward of 1000 Gag
subunits and a size of 50 MDa, well above the resolution of size ex-
clusion chromatography. Nevertheless, Gag assembly in vivo pro-
ceeds from small oligomers, and thus it is formally possible that gel
filtration chromatography might nevertheless expose some differ-
ences in the oligomerization profile of Gag and Gag-SP2. Toward
this end we transfected 293T cells with plasmids designed to ex-
press either WT Gag or Gag-SP2, lysed the cells in radio immuno-
precipitation assay (RIPA) buffer, fractionated the lysates on a Sep-
hacryl-500 gel filtration resin (size exclusion limit of ~500 kDa), and
assayed each fraction by immunoblot using antibodies specific for
HIV Gag and B-tubulin (Figure 8C). The elution profiles of Gag and
Gag-SP2 were very similar, but there appeared to be a slightly higher
proportion of Gag-SP2 in the late void volume fractions, 5 and 6. As
with the enhanced plasma membrane localization of Gag-SP2, this
difference might be a relatively simple consequence of the severe
budding defect of Gag-SP2 because the higher-orderoligomerization
of WT Gag leads to its release from the cell.

IBS activation impairs an EMV cargo-VPS4 interaction

The ESCRT proteins comprise the only machinery that is known to
catalyze outward vesicle budding (Saksena et al., 2007; Hurley,
2008; Bieniasz, 2009; Wollert et al., 2009). This role has been dem-
onstrated in vitro and is consistent with the observation that ESCRT
dysfunction inhibits MVB biogenesis, cytokinesis, and HIV budding.
Although the inhibition of ESCRT function does not prevent EMV
budding (Fang et al., 2007; Trajkovic et al., 2008), a role for the
ESCRT machinery in EMV biogenesis cannot be excluded. We
therefore explored the possibility that EMV cargoes might interact
with the ESCRT machinery. Specifically, we explored the possibility
that EMV cargoes interacted with vacuolar protein sorting 4 (VPS4),
an ESCRT-associated ATPase thatbinds and disassembles complexes
of ESCRT proteins and their cargoes (Hurley, 2008; Wollert et al.,
2009). 293T cells were cotransfected with plasmids designed to ex-
press GFP-VPS4B together with various EMV cargoes, incubated for
2 d, and then lysed. GFP-VPS4B and associated proteins were sub-
jected to immunoprecipitation (IP) using anti-GFP or control anti-
bodies, and the resulting IPs were examined by SDS-PAGE and
immunoblot using antibodies specific for the EMV cargoes. These
experiments revealed that there is a specific interaction between
GFP-VPS4B with CD63-SF (Figure 9A). Furthermore, we found that
the presence of the IBS at the C terminus of CD63-SF significantly
impaired this interaction. We also detected a specific interaction
between GFP-VPS4B and CD81-SF, and this too was significantly
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FIGURE 8: The IBS does not impair Gag-Gag oligomerization.

(A) Anti-Flag immunoblot of EMV and cell lysates from 293T cells
expressing AcylSF-Gag and AcylSF-Gag-SP2. (B) Top, anti-Flag
immunoblot of anti-myc IPs generated from 293T cells expressing
Gag-3xmyc and either AcylSF-Gag or AcylSF-Gag-SP2. Bottom,
anti-Flag immunoblot of the input, 27% of what was used in the IP
reaction. The + lanes were |IPs with anti-GFP antibodies; the

- lanes were IPs with nonimmune IgG. (C) Gel filtration eluates of
293T cell lysates expressing either HIV Gag or Gag-SP2 were
processed for immunoblot using antibodies specific for (top two
panels) HIV Gag or (bottom two panels) B-tubulin.

reduced by the presence of the IBS (Figure 9B). Similar results were
observed for Gag(p47), which buds from cells and showed a signifi-
cant interaction with GFP-VPS4B. In contrast, the 12 amino acid—
longer Gag(p49) protein, which exposes the IBS at its C terminus
and buds poorly from cells, showed little if any specific interaction
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FIGURE 9: The IBS impairs an interaction between EMV cargoes and VPS4B.

(A-C) Immunoblots of (top) coimmunoprecipitations and (bottom) cell lysates generated from
293T cells coexpressing GFP-VPS4B and (A) CD63-SF or CD63-SF-SP2*, (B) CD81-SF or
CD81-SF-SP2*, or (C) Gag(p47) or Gag(p49). The + lanes were IPs with anti-GFP antibodies, the
- lanes were IPs with nonimmune IgG. Immunoblots were with 1% of IP input.

with GFP-VPS4B (Figure 9C). These data represent the first evidence
that there is an interaction between the ESCRT machinery and bud-
ding-competent proteins. Furthermore, they demonstrate that the
IBS attenuates this interaction. These data do not, however, demon-
strate a direct physical interaction between VPS4B and EMV cargoes
orthatthe IBS impairs protein budding by impairing this cargo-ESCRT
interaction.

DISCUSSION

The observation that higher-order oligomerization and plasma
membrane binding can target diverse proteins to secreted vesicles
(Fang et al., 2007) solved part of the question of how proteins are
targeted to exosomes, microvesicles, and virus-like particles. The
data presented here extend our understanding of EMV biogenesis
by demonstrating that IBSs can also have a significant impact on the
biogenesis of EMV proteins and the budding of HIV. In addition, our
findings shed new light on the molecular basis for the severe bud-
ding defect caused by loss of the HIV p6 domain or by mutation of
the ESCRT-binding PTAP motif.

How does the IBS block cargo protein budding?

The identification of the IBS raises the question of how it functions.
One possibility is that the IBS might interfere with the cis-acting
determinants of protein trafficking to EMVs, which are the combi-
nation of plasma membrane binding and higher-order oligomer-
ization. The IBS did not inhibit the ability of proteins to interact
with membranes or their trafficking to the plasma membrane. In
fact, activation of the IBS in HIV Gag appeared to increase its
plasma membrane localization. As for whether the IBS impairs
cargo oligomerization, it is difficult to imagine how a short (12-res-
idue) peptide like the IBS could block the oligomerization of such
different proteins as CDé63, Acyl-LZ-DsRED, and the Gag proteins
from HIV, EIAV, RSV, and HTLV-1. Furthermore, the IBS did not pre-
vent Gag oligomers from attaining their electron-dense appear-
ance in transmission EM experiments, did not prevent Gag-Gag
co-IP, and did not reduce its apparent oligomerization as assessed
by gel filtration chromatography. On the other hand, it is not clear
how higher-order oligomerization converts a protein from a non-
EMV cargo into an efficient EMV cargo, and thus it is possible that
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the IBS could yet act by affecting its EMV
targeting information.

An alternative possibility is that the IBS
might act by perturbing an interaction be-
tween EMV cargoes and whatever cellular
machinery binds EMV cargoes and medi-
ates their budding from the cell. Although
such factors have yet to be identified, the
ESCRT machinery has been implicated in
other modes of outward vesicle budding
(e.g., MVB biogenesis, HIV budding, and
cytokinesis). We therefore tested whether
EMV cargoes might interact, directly or indi-
rectly, with a key ESCRT-associated factor,
the AAA ATPase VPS4B. The classic exo-
somal markers CDé3 and CD81 both copu-
rified with VPS4B, the first evidence for any
involvement of the ESCRT machinery with
EMV biogenesis. Furthermore, the IBS in-
hibited these cargo-VPS4B interactions.
These results raise the possibility that the
ESCRT machinery plays a positive role in
EMV biogenesis and that the IBS inhibits
cargo protein budding by impairing this interaction. Consistent with
this hypothesis, we found that VPS4B interacted with HIV Gag(p47)
but showed less interaction with Gag(p49). However, additional
studies are still needed to elucidate the significance of cargo—
ESCRT interactions, the mechanistic basis for IBS function, and the
reason why the IBS impairs the co-IP between VPS4B and EMV
proteins.
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Implications for HIV budding

There is no empirical discrepancy between our results and those of
previous studies vis-a-vis the budding of pé-deficient HIV or PTAP-
deficient HIV (Gottlinger et al., 1991; Demirov et al., 2002; Morita
and Sundquist, 2004). However, our observations demonstrating
the existence of the IBS, its potent inhibitory effects on protein and
virus budding, and the ability of IBS-inactivating mutations to sup-
press the budding defects of pé-deficient and PTAP-deficient HIV
alter the interpretation of these classic observations. Specifically, our
data undermine the hypothesis that the severe defect in budding
seen for the PTAP-deficient and pé-deficient virus is because the
virus has lost critical “budding signals.” In its place, our data sug-
gest a new paradigm in which the budding defects of these particu-
lar mutant viruses are caused by activation of the IBS, either directly
in the case of pé-deficient HIV or indirectly in the case of PTAP-defi-
cient HIV. Our data also support the hypothesis that the main source
of positive budding information in Gag lies not in p6é but instead in
the MA-CA-NC region of the protein.

The most obvious support for these conclusions comes from the
nearly normal budding of Gag(p47), the severe budding defect of
Gag-SP2 (see Figure 1), and the robust budding of the
NL4.3%(SP2RPNFKLSS/pLiter) and NL4.3*(TFte/SP25%) viruses (see
Figures 4 and 5). However, our conclusions are also supported by
the more complex observations regarding PTAP-deficient HIVs.
Specifically, we found that the p6"TAPHRE mutation caused an aber-
rant initial cleavage of Gag at the SP2/pé junction, generating
Gag(p49) through posttranslational proteolysis. This raised the pos-
sibility that the severe budding defect of PTAP-deficient HIV might
also be mediated by activation of the IBS. In support of this hypoth-
esis, we found that eliminating Gag-Pol (and therefore PR) expres-
sion allowed PTAP-deficient HIV to bud at nearly WT levels. Our
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speculative model is also supported by the finding that IBS inactiva-
tion suppressed most of the budding defect of PTAP-deficient HIV,
elevating it eightfold, to ~70% of WT control. Importantly, this new
explanation for the budding defect of PTAP-deficient HIV resolves
a long-recognized but previously inexplicable observation, that the
budding defect of PTAP-deficient HIV requires the activity of the
viral protease (Huang et al., 1995).

Taken together, these data indicate that a new paradigm of PTAP
function might lead to a better understanding of its role in HIV
biology. On the basis of the data presented in this report, it seems
as if the primary purpose of the PTAP moitif is to regulate the PR-
mediated cleavage of HIV Gag (and perhaps also Gag-Pol). Such a
role is consistent with the fact that the production of infectious HIV
requires a careful timing between PR-mediated cleavage of Gag
and the budding of virions from the cell: If PR cleaves Gag too early,
it will destroy the budding information in Gag and virions will not
bud, but if PR cleaves too late, infectivity could also be reduced
through incomplete maturation. The crucial question now is to un-
derstand how PTAP-TSG101 (and other p6—-ESCRT interactions?)
affects PR-mediated cleavage of Gag.

It should also be noted that many of our experiments demon-
strated a slight positive role for the PTAP motif and the p6 domain
in the budding of HIV and HIV Gag (up to 30% of total). Thus we are
not suggesting that these elements play no role in budding or that
p6-ESCRT interactions do not make a slight positive contribution to
budding. However, we do conclude that such positive contributions
to budding are relatively subtle and their loss makes only a minor
contribution to the severe budding defects seen for pé-deficient
and PTAP-deficient HIV.

The identification of the IBS provides new insights into some
classic observations in the field of HIV budding, but it also highlights
a previously unrecognized aspect of HIV biology: the role of the IBS.
Two observations indicate that the IBS is a selected, positive com-
ponent of the virus: first, its conservation among HIV strains and with
SIV; and second, the fact that a single amino acid substitution in the
IBS (SP2P"3Y reduced HIV infectivity to ~14% (13.8 + 0.89%; n = 5) of
control. These data indicate that IBS plays a positive role in the HIV
life cycle, but what exactly is this role? Currently, we do not know.
However, our data raise the possibility that the IBS exists to prevent
the budding of Gag(p49). Intriguingly, our data indicate that the
PTAP motif exists, in part, to prevent production of Gag(p49). Such
complexity indicates that HIV goes to great lengths to prevent the
formation and budding of Gag(p49). At first glance, this might seem
an inordinately complex way to prevent virion incorporation of a
protein that can be avoided simply eliminating the SP2/p6 cleavage
site. However, it could be that these complex relationships between
PR-mediated cleavage, budding, and ESCRT-binding sites might be
the way that HIV achieves the proper coordination between virus
budding and virus maturation. However, this is no more than a spec-
ulative model, and follow-up studies are required before we can at-
tain a clear understanding of why HIV possess an IBS.

MATERIALS AND METHODS

Plasmids and antibodies

All amplified regions of all plasmids were sequenced, and only se-
quence-confirmed clones were used in the experiments. To make
pcDNA3 plasmids designed to express HIV Gag(p49)-SF, EIAV
Gag-SF, RSV Gag-SF, and HTLV-1 Gag-SF, we excised Asp-718-
BamHI fragments containing the corresponding Gag ORFs from
pcDNA3-HIV Gag(p49)-GFP, pcDNA3-EIAV Gag-GFP, pcDNA3-RSV
Gag-GFP, and pcDNA3-HTLV-1 Gag-GFP (Fang et al., 2007) and in-
serted them between the Asp-718 and BamHl sites of pcDNA3-SF,

828 | X.GanandS.J. Gould

upstream of, and in frame with, the 61 codon-long SF tag ORF. The
CD63 and CD81 ORFs were amplified using primers designed to
append the same sites at their termini and also inserted upstream of
and in frame with the SF tag of pcDNA3-SF to express CD63-SF and
CD81-SF. The modified versions of these plasmids were amplified
using oligonucleotides designed to append SP2* or a mutant form
of SP2* to the C terminus of the encoded proteins. The VPS4B and
VPS4B/K180Q ORFs were amplified using pDsRED-VPS4B and pD-
sRED-VPS4B/K180Q (generous gifts from W. Sundquist, University
of Utah, Salt Lake City, UT) as template, using oligonucleotides that
added an Xhol site upstream of the ORF and a Notl site down-
stream of the stop codon. The resulting fragments were cleaved
with Xhol and Notl and inserted between the Xhol and Notl sites
of pcDNA3-GFP (Booth et al., 2006), downstream of and in frame
with the GFP ORF, to create pcDNA3-GFP-VPS4B and pcDNA3-
GFP-VPS4B/K180Q.

The plasmids designed to express HIV Gag (pcDNA3-HIV Gag)
and Acyl-LZ-DsRED (pcDNA3-Acyl-LZ-DsRED) were described pre-
viously (Booth et al., 2006; Fang et al., 2007). All Gag mutants were
based on pcDNA3-HIV Gag, amplified with an invariant 5-end oli-
gonucleotide and a 3’-end oligonucleotide that carried the desired
mutation and a BamHl site at its 5" end. The amplification products
were then cleaved with Bsrl and BamHI and inserted between the
Bsrl and BamHI sites of pcDNA3-HIV Gag. The plasmid that ex-
presses the mutant variant of Acyl-LZ-DsRED was generated by am-
plifying the ORF with oligonucleotides designed to append SP2* at
the C terminus of the encoded protein and inserting it between the
Asp-718 and BamH| sites of pcDNA3.

Previous reports described the HIV proviruses pNL4-3-AE-GFP
(Zhang et al., 2004) and pNL4-3-AE-GFP/p6-"*" (Fang et al., 2007).
Mutations were introduced into these viruses by amplifying an
~800 base pairs-long internal Apal-Bsfl fragment with primers that
incorporated the desired mutation(s), cleaving the product with
Apal and Sbfl, and inserting the product between the Apal and
Sbl sites of pNL4-3-AE-GFP/p6ét'*" (Fang et al., 2007). Again, all
amplified regions of all plasmids were sequenced, and experi-
ments were performed only with plasmids that had the desired
DNA sequence.

Antibodies were obtained as follows: mouse anti-Gag monoclonal
antibody (mAb) 3537 was from the AIDS reagent repository, mouse
anti-Flag mAb F-3165 was from Sigma, rabbit anti-GFP A11122 was
from Invitrogen, control rabbit immunoglobulin (Ig) G was from
Sigma, anti—B-tubulin antibody 556321 was from BD PharMingen,
and secondary antibodies conjugated to horseradish peroxidase
(HRP) or fluorophores were from Jackson ImmunoResearch (West
Grove, PA).

Cell culture, transfection, and microscopy

293T cells were maintained in DMEM supplemented with 10% fetal
bovine serum and transfected by electroporation (Chang et al.,
1997) (for immunoblot and IP experiments) using a BTX ECM 600
electroporator, or by lipofection (for immunofluorescence and elec-
tron microscopy) using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). 293T cells were processed for immunofluorescence microscopy
(Booth et al., 2006) using rabbit polyclonal antibodies specific for
HIV Gag, mouse monoclonal antibodies specific for the Flag tag,
and fluorescein isothiocyanate— or Texas Red-labeled secondary an-
tibodies. Immunofluorescence images were obtained at room tem-
perature on a BH2-RFCA microscope (Olympus, Center Valley, PA)
equipped with an Olympus S-Plan-Apo 60x 0.40 oil objective and a
Sensicam QE (Cooke, Romulus, M) digital camera using IPLab 3.6.3
software (Scanalytics, Reutlingen, Germany). Images were converted
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to TIFF files, imported into Photoshop CS, and assembled into fig-
ures using lllustrator CS (Adobe Systems, San Jose, CA). For trans-
mission electron microscopy, 293T cells were fixed, processed, and
examined as described previously for Jurkat T-cells (Booth et al.,
2006; Fang et al., 2007).

EMV/virus preparations, immunoblot,
coimmunoprecipitation, density gradient analysis,

and gel filtration

EMVs and viruses were collected from the medium as described
previously (Booth et al., 2006; Fang et al., 2007). For immunoblot
experiments, cells were transfected and incubated for 2 d, EMVs/
viruses were collected (Booth et al., 2006; Fang et al., 2007), and
cells and EMVs/viruses were lysed in SDS-PAGE sample buffer. Each
sample was separated by SDS-PAGE, transferred to PVDF mem-
branes, and processed for immunoblot using specific primary anti-
bodies and HRP-conjugated secondary antibodies, followed by
chemiluminescent detection and detection of proteins by exposure
of x-ray film. Films were scanned and converted to TIFF files, and the
signal for each band was quantified using ImageJ software. Budding
efficiencies were calculated from extent of budding (vesicle/vesicle
+ cell), relative to that of the positive control. For those experiments
that were performed three or more times, the data are also pre-
sented as the average + 1 SD, along with the p value from a Student’s
t test.

For co-IP experiments, 293T cells were transfected with plas-
mids encoding both test proteins, at a 1:1 ratio, and incubated for
2 d. Cells were then resuspended in RIPA buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, and a protease in-
hibitor cocktail; Roche, Basel, Switzerland) at 4°C, lysed by freeze—
thaw (two cycles), and clarified by centrifugation at 16,000 x g for
10 min. The resulting supernatant was precleared by incubating
with protein A beads (Sigma) and nonimmune rabbit IgG for 2 h at
4°C. The beads were removed, each sample was split in half, one-
half was incubated O/N at 4°C with nonimmune rabbit IgG, and the
other half was incubated O/N at 4°C with rabbit polyclonal antibod-
ies to GFP. Each sample was incubated with protein A beads for 2 h
at 4°C, and the beads were washed six times with RIPA buffer and
boiled in SDS-PAGE loading buffer. Samples were then separated
by SDS-PAGE, transferred to PVDF membranes, and processed for
immunoblot using mouse monoclonal antibodies specific for either
the flag tag or HIV Gag.

For density gradient centrifugation experiments, we trans-
fected 293T cells with plasmids designed to express Gag or Gag-
SP2, incubated the cells for 2 d, washed the cells in cold phos-
phate-buffered saline (PBS) (4°C), scraped from the tissue culture
dish, and pelleted by centrifugation at 600 x g for 5 min. Cell pel-
lets were washed once with 10 mM Tris-HCI (pH 7.4) containing
1 mM ethylene glycol tetraacetic acid and once with 10 mM Tris-
HCI (pH 7.4) containing T mM EDTA and then resuspended in
TE buffer (10 mM Tris-HCI containing 1 mM EDTA), 10% (wt/vol)
sucrose, and Complete Protease Inhibitor Cocktail (Roche). Cells
were then lysed by sonication. Lysates were pelleted by spinning
at 2000 rpm for 3 min in an Eppendorf Microfuge to remove un-
broken cells and nuclei. Each sample was resuspended in TE buf-
fer, and 0.25 ml of each was added to 1.5-ml microcentrifuge
tubes. One was untreated, one was adjusted to 0.25% Triton X-100
and incubated at 37°C for 20 min, and one was adjusted to 0.25%
Triton X-100 and incubated at 4°C for 20 min. Then 1.25 ml cold
85.5% (wt/vol) sucrose/TE buffer was added to each of the three
tubes, and these were placed on the bottom of a centrifuge tube.
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To each we layered 7 ml 65% (wt/vol) sucrose/TE and then 3.25 ml
10% (wt/vol) sucrose/TE. The gradients were then spun at
100,000 x g for 18 h at 4°C in a Beckman SW41 rotor. At the con-
clusion of the spin, we collected 10 1.2-ml fractions from the top
of the centrifuge tube and processed each for immunoblot using
antibodies specific for Gag.

For gel filtration experiments, we transfected 293T cells with
plasmids designed to express Gag or Gag-SP2, incubated the cells
for 2 d, washed the cells in cold PBS (4°C), lysed the cells in RIPA
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, T mM EDTA, 1% NP-40,
protease inhibitor cocktail [Roche]) by two freeze-thaw cycles, and
clarified the lysates by passing them through a 0.22-um filter. Before
fractionation of the clarified lysates, we generated a pair of Sep-
hacryl-500 HR resin (GE Healthcare, Piscataway, NJ) columns (1 cm
diameter) by loading two columns each with a slurry of 15 ml Sep-
hacryl-500 HR resin and 4 ml gel filtration buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1 mM EDTA). Columns were packed by flowing gel
filtration buffer through the resin for 2 h at 1 ml/min and then for 1 h
at 2.3 ml/min. Then 0.5 ml of each lysate was loaded at the top of
the column and fractionated by flowing gel filtration buffer at 1.5 ml/
min. Fifteen 1-ml fractions were collected from each column, and
each fraction was examined by immunoblot using antibodies spe-
cific for HIV Gag and B-tubulin.

HIV infectivity measurements

To determine the relative infectivity of different HIV proviruses, we
adapted an established assay (Zhang et al., 2004) as follows. First,
6.7 pg of each HIV provirus plasmid was cotransfected with 3.3 ug
of pVSV-G into 7.5 x 10° 293T cells by electroporation. Two days
later the tissue culture supernatants were collected, and the cells
were fixed and examined by fluorescence microscopy to determine
the percentage of cells expressing the provirus-encoded GFP pro-
tein (NL4.3* encodes a modified form of GFP that is localized to the
lumen of the endoplasmic reticulum [Zhang et al., 2004]). The tissue
culture supernatants were processed by passage through a 0.2-ym
filter and pelleted by centrifugation at 70,000 x g for 1 h. Each pel-
let was resuspended in 30 pl RPMI medium supplemented with
20% fetal calf serum (FCS), and 1 pl of each was mixed with 5 x
105 CD4* T-cells (Jurkat). The cell/virus mixtures were then spun at
1200 x g for 2 h at room temperature. Each cell/virus mixture was
then resuspended in 1 ml RPMI supplemented with 20% FCS and
incubated for an additional 2 d. The cells were then fixed and exam-
ined by fluorescence microscopy to determine the number of cells
expressing the virus-encoded GFP. These experiments included an
initial titration of control virus preparations to ensure the percent-
age of Jurkat cells infected by the WT control provirus was ~15%,
within the linear range of the assay (Zhang et al., 2004). Each ex-
periment was performed a minimum of three times, and the data
are presented as the average + 1 SD, along with the p value from a
Student's t test.
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