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ABSTRACT The matrix (MA) domains of HIV-1 precursor Gag (PrGag) proteins direct
PrGag proteins to plasma membrane (PM) assembly sites where envelope (Env) pro-
tein trimers are incorporated into virus particles. MA targeting to PM sites is facili-
tated by its binding to phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2], and MA
binding to cellular RNAs appears to serve a chaperone function that prevents MA
from associating with intracellular membranes prior to arrival at the PI(4,5)P2-rich
PM. Investigations have shown genetic evidence of an interaction between MA and
the cytoplasmic tails (CTs) of Env trimers that contributes to Env incorporation into
virions, but demonstrations of direct MA-CT interactions have proven more difficult.
In direct binding assays, we show here that MA binds to Env CTs. Using MA mu-
tants, matrix-capsid (MACA) proteins, and MA proteins incubated in the presence of
inositol polyphosphate, we show a correlation between MA trimerization and CT
binding. RNA ligands with high affinities for MA reduced MA-CT binding levels, sug-
gesting that MA-RNA binding interferes with trimerization and/or directly or indi-
rectly blocks MA-CT binding. Rough-mapping studies indicate that C-terminal CT he-
lices are involved in MA binding and are in agreement with cell culture studies with
replication-competent viruses. Our results support a model in which full-length HIV-1
Env trimers are captured in assembling PrGag lattices by virtue of their binding to
MA trimers.

IMPORTANCE The mechanism by which HIV-1 envelope (Env) protein trimers assem-
ble into virus particles is poorly understood but involves an interaction between Env
cytoplasmic tails (CTs) and the matrix (MA) domain of the structural precursor Gag
(PrGag) proteins. We show here that direct binding of MA to Env CTs correlates with
MA trimerization, suggesting models where MA lattices regulate CT interactions
and/or MA-CT trimer-trimer associations increase the avidity of MA-CT binding. We
also show that MA binding to RNA ligands impairs MA-CT binding, potentially by in-
terfering with MA trimerization and/or directly or allosterically blocking MA-CT bind-
ing sites. Rough mapping implicated CT C-terminal helices in MA binding, in agree-
ment with cell culture studies on MA-CT interactions. Our results indicate that targeting
HIV-1 MA-CT interactions may be a promising avenue for antiviral therapy.

KEYWORDS human immunodeficiency virus

Despite many years of investigation, the mechanisms by which HIV-1 envelope (Env)
proteins assemble into HIV-1 particles are incompletely elucidated. Evidence

indicates that Env proteins arrive at the plasma membranes (PMs) of cells as trimers of
associated surface (SU) (gp120) and transmembrane (TM) (gp41) components (1–3). The
HIV-1 Env cytoplasmic tails (CTs) are about 150 residues long and include three amphi-
pathic alpha-helical elements, historically designated from the N to C termini as
lentivirus lytic peptide 2 (LLP-2), LLP-3, and LLP-1 (1, 4). Investigations have also shown
that the N-terminally myristoylated matrix (MA) domains of the HIV-1 precursor Gag
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(PrGag) proteins trimerize (5–11). MA preferentially associates with cell PMs by virtue of
its binding to PM phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] (12–14). Within
cells, MA proteins have the capacity to bind RNAs, particularly tRNAs, and this MA-RNA
binding appears to serve a chaperone function that keeps MA from associating with
intracellular membranes (15–22). Although the organization of MA in virus particles is
not known, MA assembles in vitro on PI(4,5)P2-containing membranes as hexamers of
trimers (23).

Data indicate genetic evidence for an interaction between HIV-1 MA and Env (8–10,
24–33). Interestingly, nearly complete deletion mutants of MA have been observed to
be replication competent if pseudotyped with alternative viral glycoproteins or cyto-
plasmic tail-deleted (ΔCT) HIV-1 Env proteins, which appear to incorporate into virions
in a passive fashion in permissive cells (25, 30). Less drastic MA mutations also perturb
Env incorporation. Indeed, a number of single-residue MA mutations reduce both Env
assembly into virions and virus infectivity (8–10, 27–29, 32, 33). Similarly, some Env CT
mutations reduce Env virus incorporation and infectivity without diminishing Env PM
levels (31, 34). Importantly, some suppressors of these Env mutations map to MA and
have been observed to suppress the Env incorporation defects of a variety of MA
mutations as well (8–10).

Whereas genetic links between HIV-1 Env MA and CT are well established, it has
been more difficult to prove direct MA-CT interactions. Nevertheless, a few previous
studies, employing different biochemical approaches, have reported direct MA-CT
binding (1, 35–37). Based in part on these observations, we recently analyzed MA
proteins carrying a 62QR mutation that enhances MA trimerization and suppresses Env
incorporation mutations and found that these MA 62QR proteins bound efficiently in
vitro to HIV-1 CTs (11). Our new findings demonstrate the importance of MA trimeriza-
tion to CT binding in three different ways, characterize how MA-RNA binding influences
Env interactions, and identify Env elements involved in MA binding. These results
provide insights into the nature of MA-CT binding and how this interaction may be
targeted for antiviral interference.

RESULTS
Analysis of MA trimerization and CT binding. When modeled on membranes as

a hexamer of MA trimers (23), previously observed single-residue MA mutations that
impair Env incorporation (8–10) map to the distal ends or spokes of the trimers (Fig. 1A,
red dots). The 62QR mutation at the hubs of trimers (Fig. 1A, green dots) suppresses the
effects of these mutations and also suppresses the defects of a CT mutation that impairs
Env incorporation (8–10). Previously, we showed that 62QR proteins trimerize and bind
CTs more efficiently than wild-type (WT) MA proteins (11). Interestingly, mutation of

FIG 1 Matrix mutations that affect Env incorporation into virions. Shown are models of membrane-
bound HIV-1 MA hexamers of trimers (from PDB accession number 1HIW) viewed perpendicularly to the
membrane. In panel A, the red spots indicate locations of MA residues that reduce Env incorporation
when mutated (12L, 16E, 30L, 34V, and 98E), and the green spots indicate the location of the 62QR
mutation that suppresses Env incorporation defects. In panel B, the red spots indicate the location of the
74LG mutation that reduces Env incorporation, and the green spots indicate the locations of 34VI and
43FL mutations that suppress the Env incorporation defects of 74LG.
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another amino acid at the trimer hubs, residue 74 (Fig. 1B, red dots), yielded viruses that
were defective for replication and Env incorporation (P. Tedbury, M. Novikova, A.
Alfadhli, I. Kagiampakis, V. KewalRamani, E. Barklis, and E. O. Freed, unpublished data).
Selection for replication-competent revertants of residue 74LG mutations generated
second-site mutations at residues 34 and 43 (Fig. 1B, green dots) such that the MA
34VI/43FL/74LG variant restored Env incorporation and replication efficiency (Tedbury
et al., unpublished).

We examined the capacity of 74LG and 34VI/43FL/74LG proteins to form trimers in
our in vitro UV cross-linking assay (11). As demonstrated in Fig. 2A, the Env incorporation-
defective 74LG mutant proteins gave a faint dimer band and little evidence of trimers.
In contrast, revertant 34VI/43FL/74LG proteins clearly cross-linked as dimers and trimers
(Fig. 2A). The abilities of 74LG and 34VI/43FL/74LG proteins to bind Env CTs were
determined using our CT binding assay (11). Briefly, glutathione S-transferase (GST) or
GST-CT proteins were prebound to glutathione (GSH) beads and incubated with MA
proteins, after which bound and total MA levels were quantified by anti-MA immuno-
blotting. Not surprisingly, neither MA protein bound to GST beads, and 74LG MA bound
poorly to GST-CT beads (Fig. 2B). However, the 34VI/43FL/74LG proteins bound 10
times better to GST-CT than the 74LG proteins. These results recapitulate our obser-
vations with the 62QR mutation (11) and substantiate the correlation between MA
trimerization and CT binding (8–11).

As reported previously, WT MA inefficiently UV cross-links as trimers (11). These
results were reproduced in experiments that showed approximately 2% trimer forma-
tion for WT MA (Fig. 3A). Because in vitro Gag assembly experiments have shown that
inositol phosphates such as inositol hexakisphosphate (IP6) (phytic acid) might exert
effects on HIV-1 MA beyond those documented for CA (38–41), we tested for possible
IP6 effects on MA oligomerization. Interestingly, incubation of WT MA with IP6 dem-
onstrated dramatic effects on MA trimerization (Fig. 3A), and we discuss possible

FIG 2 Analysis of MA mutant protein trimerization and CT binding. (A) Purified 74LG or 34VI/43FL/74LG
MA proteins at 50 �M concentrations were cross-linked for 0, 1, 3, and 10 min (left to right), separated
by electrophoresis, and immunoblotted with an anti-MA antibody. Monomer (1), dimer (2), and trimer (3)
sizes were determined by the mobilities of size standards run in parallel. The far-right panel shows the
percentage of trimers (relative to monomers) from 10-min cross-linking time points averaged from two
separate experiments, with standard deviations as indicated. The P value for the observed difference is
0.0315. (B) The indicated purified MA proteins at 1.5 �M concentrations were incubated with beads
coated with glutathione S-transferase (GST) (CT�) or GST-CT (CT�), after which total unbound proteins
were collected (total) and beads were washed and eluted to collect bound proteins. Total and bound
samples were electrophoretically separated and immunoblotted in parallel for protein detection. Immu-
noblot bands were quantified densitometrically, and relative binding levels are expressed as percentages
of bound versus total MA protein. Calculated percentages are derived from three independent experi-
ments, with standard deviations as indicated. The P value for the observed difference between 74LG and
34VI/43LF/74LG binding to GST-CT is 0.0007.
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mechanisms for this phenomenon in Discussion. However, regardless of the mecha-
nism, this observation afforded us the opportunity to explore a possible correlation
between trimerization and CT binding with WT MA. To do so, CT binding analyses were
conducted with untreated and IP6-treated WT MA proteins. As seen previously (11),
untreated WT MA bound minimally to GST or GST-CT proteins. In contrast, just as IP6
boosted WT MA trimer levels (Fig. 3A), it also increased GST-CT binding about 10-fold
(Fig. 3B).

Because, in cells, MA presumably interacts with Env CT in the context of full-length
PrGag, we wished to analyze the activities of matrix-capsid (MACA) proteins. Such
studies are hampered by the tendency of CA to self-associate (42, 43). Nevertheless,
cross-linking experiments for WT HIV-1 MACA gave interpretable results. Indeed, WT
MACA UV treatment generated dimers and trimers (Fig. 4A), with trimers representing
about 10% of the total MACA levels, similar to our observations with IP6-treated WT MA
(Fig. 3A). While WT MACA bound minimally to GST alone (Fig. 4B), it gave a marked
improvement in GST-CT binding (Fig. 4B) relative to untreated WT MA (Fig. 3B).
Altogether, these results strongly suggest that MA trimerization fosters CT binding.

RNA effects on MA-CT binding. As noted in the introduction, in addition to
interacting with Env, HIV-1 MA binds PI(4,5)P2 and RNA (12–22), and within cells, MA
preferentially binds tRNAs rather than viral RNAs (22). Work by our laboratory and
others identified an in vitro-selected 25-nucleotide RNA (Sel25), a randomized version
of this RNA (Ran25), and tRNAs as ligands with different affinities for MA (11, 17, 19, 22,
44, 45). As a precursor to examining RNA effects in 62QR MA-CT binding assays, where
binding signals are relatively high (11), we first examined the affinities of these ligands
for 62QR MA in competition fluorescence anisotropy experiments (11, 17, 19). Here,
62QR MA was incubated with fluorescently tagged Sel25 RNA and challenged with
increasing concentrations of unlabeled Ran25, Sel25, and Saccharomyces cerevisiae
tRNA (Fig. 5A). As illustrated, tRNA competed for binding better than Sel25, while Ran25
competed significantly less well. These results indicate that tRNA, Sel25, and Ran25
respectively bind to 62QR MA with decreasing affinities and are in accordance with
expectations (11, 17, 19, 45).

Since RNA promiscuously UV cross-links with protein (46), it was not possible to
measure RNA effects on the UV cross-linking of 62QR MA. However, we monitored how

FIG 3 Effects of IP6 on WT MA trimerization and CT binding. (A) WT MA proteins, incubated in either the
absence (�phytic) or the presence (�phytic) of IP6 (phytic acid), were UV cross-linked and detected as
monomers (1), dimers (2), and trimers (3), as described in the legend to Fig. 2A. The far-right panel shows
the percentages of trimers relative to monomers averaged from two independent experiments, with
standard deviations as indicated. The P value for the observed difference is 0.0307. (B) Immunoblots of
bound and total unbound MA proteins from incubations with GST-CT or GST beads in the absence (�)
or presence (�) of IP6. At the far right, relative percentages of bound versus total MA protein levels were
derived from either two (GST) or six (GST-CT) independent experiments. The P value for the observed
differences in GST-CT binding is 0.0003.
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our three RNA ligands impacted MA-CT binding. To do so, 62QR MA-CT binding assays
were performed in the absence or presence of the different RNA ligands. While Ran25
RNA had little effect on 62QR MA-CT binding, Sel25 RNA reduced CT binding 2.5-fold,
and tRNA reduced CT binding 5-fold (Fig. 5B). These observations imply that RNA
binding MA may impair trimerization, compete with CT binding, and/or allosterically
inhibit CT binding.

Analysis of CT variants. We undertook rough mapping of CT regions required for
MA binding. Thus, in addition to GST and full-length GST-CT (Env residues 705 to 856),
we expressed GST fusions to Env residues 705 to 812, 705 to 794, 796 to 856, and 705 to

FIG 4 Cross-linking and CT binding of WT MACA proteins. (A) Purified 50 �M WT HIV-1 MACA was UV
cross-linked, electrophoretically separated, and detected as described in the legend to Fig. 2A. Monomer
(1), dimer (2), and trimer (3) bands were determined by the mobilities of size standards run in parallel.
The percentages of trimers relative to monomers are derived from four independent experiments. (B) WT
MACA proteins were incubated with GST or GST-CT beads, and bound versus total MACA levels were
detected as described in the legend to Fig. 2B. Relative percentages of bound versus total MACA protein
levels were calculated from either two (GST) or five (GST-CT) independent experiments. The P value for
the observed binding difference is 0.0083.

FIG 5 RNA effects on 62QR MA binding to CT. (A) Fluorescence anisotropy competition binding assays
were performed with 1 �M 62QR MA, 10 nM fluorescently tagged Sel25 RNA ligand, and increasing
concentrations of untagged Ran25, Sel25, or yeast tRNA ligands to achieve the final indicated concen-
trations. Competition assays from three separate experiments are plotted as millipolarization-versus-
competitor concentration graphs and fitted assuming exponential-decay binding curves. (B) GST-CT
binding assays were performed with 62QR MA, and bound versus total 62QR MA levels were monitored
as described in the legend to Fig. 2B. Binding assays were performed in the absence of RNA (mock) or
in the presence of 5 �M Sel25, Ran25, or yeast tRNA ligand, as indicated. At the far right, levels of 62QR
MA binding to GST-CT beads for incubations in the presence of RNAs were normalized to binding levels
in the absence of RNA (mock). Results were averaged from five independent experiments. The P values
for the observed differences between RNA samples are as follows: 0.007 for Ran25 versus Sel25, 0.0001
for Ran25 versus tRNA, and 0.0301 for Sel25 versus tRNA.
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752 (Fig. 6A). As purified, some of the variants showed minor GST-sized bands, but
densitometric analysis indicated that full-length proteins were at least 70% pure (Fig. 6B).

We again chose 62QR MA rather than WT MA to measure binding to CT variants,
because of its higher levels of binding to full-length GST-CT (11) (Fig. 3B and Fig. 5B).
Thus, we performed CT binding assays with 62QR MA and bead-bound GST, GST-CT,
GST-705-812 (GST fusion to Env residues 705 to 812), GST-705-794, GST-796-858, and
GST-705-752 proteins (Fig. 6C). As observed previously, 62QR MA bound poorly to GST
itself but well to GST-CT. Our investigations also showed that the N-terminal CT
residues in GST-705-752 were insufficient to produce a good binding signal. In contrast,
both GST-705-812 and GST-796-856, each of which includes a significant portion of
LLP-3 and either all of LLP-2 (GST-705-812) or LLP-1 (GST-796-856), bound 62QR MA at
levels near that of the full-length CT. The GST-705-794 variant provided a noteworthy
intermediate case. With several different protein preparations in six independent assays,
it consistently gave binding signals above those of GST-705-752 but below those of
GST-705-812 and GST-796-856 (Fig. 6C). Interestingly, the residues missing from GST-705-
794 but present in GST-705-812 map to mutations that have been observed in cell culture
studies to inhibit HIV-1 Env protein incorporation into virions (31, 34).

DISCUSSION

While there exists a wealth of genetic data attesting to an interaction between the
HIV-1 MA and CT, it has proven difficult to demonstrate direct MA-CT binding (8–11,
24–37). We have now demonstrated MA-CT binding in vitro with 62QR MA, 62QR
MA-green fluorescent protein (GFP), 12LE/62QR MA, 34VI/43FL/74LG MA, IP6-treated
WT MA, and WT MACA proteins (11) (Fig. 2 to 6). An obvious consistent observation has
been the correlation of MA-CT binding and trimerization (11) (Fig. 2 to 6). One model
for the role of MA trimerization (8–10; Tedbury et al., unpublished) is that it may
modulate the accessibility of the MA lattice in assembling virions for the accommoda-
tion of CTs. A pertinent feature of this lattice modulation model is that it can account
for some odd differences in gammaretrovirus Env incorporation and CT proteolytic

FIG 6 Mapping of CT regions involved in MA binding. (A) N-terminally GST-tagged proteins employed for
binding studies are depicted with the borders of the lytic lentiviral peptide (LLP) helical regions LLP-2,
LLP-3, and LLP-1, as indicated. (B) GST-CT (Env residues 705 to 856), GST-705-812, GST-705-794,
GST-796-856, GST-705-752, and GST proteins, purified as described in Materials and Methods, were
separated by electrophoresis in parallel with 50-, 37-, and 20-kDa marker proteins and stained with
Coomassie blue for visualization. (C) Binding reactions were performed with 62QR MA and the indicated
GST-tagged proteins, and bound and total 62QR MA levels were determined as described in the legend
to Fig. 2A. At the far right, binding levels (bound versus total 62QR MA) were normalized to those of
GST-CT and are derived from 5 (GST-796-856), 6 (GST-705-812 and GST-705-794), or 10 (GST, GST-CT, and
GST-705-752) independent experiments. P values for the observed differences between samples are as
follows: 0.65 (not significant) for GST-705-812 versus GST-796-856, 0.0868 (not significant) for GST versus
GST-705-752, �0.0001 for GST-796-856 versus GST and GST-705-752, 0.0049 for GST-705-794 versus GST-
705-812, 0.0042 for GST-705-794 versus GST-796-856, and 0.0454 for GST-705-794 versus GST-705-752.
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processing in HIV-1 virions (47, 48), without necessarily invoking a direct gammaretro-
virus Env interaction with HIV-1 MA. The lattice model is also consistent with the
observation that different membrane-bound MA lattices have been seen in vitro (11, 23,
49) but less readily explains our MA-CT binding assay results; the similarity between WT,
62QR, and 34VI/43FL/74LG MA lattices (albeit at low resolution); or the dearth of
evidence for extensive MA lattices in immature or mature HIV-1 particles (11, 50–54).

An alternate model posits that HIV-1 Env incorporation into virions depends on the
avidity of a trimer-trimer interaction between CTs of an Env trimer and MA trimers. This
conceivably could occur if Env trimers stack directly above MA trimers such that all CTs
from one Env trimer bind to the same MA trimer but at different hexamer holes (Fig.
1). By such a model, weakened CT interactions with MA caused by either CT mutations
or mutations at the MA spokes (Fig. 1A, red dots) may be compensated for by MA hub
mutations that increase the probability of avidity effects. This readily explains how the
62QR mutation might function but less clearly explains observations with WT and
34VI/43FL/74LG MA proteins. In this regard, we hypothesize that the reason why we
saw such poor in vitro binding of WT MA to GST-CT beads was due to the low
trimerization capacity of WT MA in vitro, while WT MA trimers may be stabilized
somewhat in virions due to their associations with capsid lattices. We also speculate
that IP6 acted in our in vitro assays as a possible PI(4,5)P2 head group mimic and
induced the “flipping out” of myristates, which fosters MA trimerization (7, 55–57). It is
relevant to note that we have observed similar, albeit less pronounced, effects on WT
MA-CT binding using a short-chain PI(4,5)P2 derivative (data not shown). With respect
to 34VI/43FL/74LG MA, we assume that while 74LG destabilizes trimer contacts, 43FL,
also located at trimer hubs (Fig. 1B), helps reverse this destabilization. The potential role
of 34VI in the stabilization of trimers is less obvious but may also induce myristate
exposure or induce longer-range conformational changes (55–57; Tedbury et al., un-
published). As one additional caveat, we also must mention that while the density of
CTs on GST-CT-bound beads is adequate enough to permit dimer-dimer or trimer-
trimer binding in our system (11), our results could be explained by the specific binding
of single CTs to MA trimers.

Our results also have implications concerning the role of MA-RNA binding in the
HIV-1 life cycle. We and others have postulated that MA binding to RNA serves a
chaperone function, protecting MA (in the context of PrGag) from binding intracellular
membranes, prior to arrival at the PM, where high-affinity binding to PI(4,5)P2 can take
place (15–22). This model is consistent with our observations that the MA PI(4,5)P2 and
RNA binding sites overlap (17–19). In Fig. 5, we show that MA-RNA binding reduced
MA-CT binding and that the affinities of RNA ligands for MA correlated with the levels
of CT binding reduction. In theory, RNA binding could reduce MA-CT binding by
inhibiting MA trimerization and/or occluding the MA-CT recognition site or an allosteric
site. Because RNA promiscuously UV cross-links to protein (46), we could not probe for
RNA effects in our UV cross-linking assay. However, we previously showed that WT MA
and a 15-mer oligonucleotide RNA ligand sedimented as a 1:1 monomeric complex (17),
suggesting that RNA binding may affect the oligomerization state of MA. Nonetheless,
it would seem that further study on the competition of CT and RNA binding to MA is
warranted.

With respect to mapping the MA-CT interaction, our results (Fig. 6) are consistent
with the notion that the N-terminal unstructured region of CT is not directly involved
and that binding may include multiple elements covering the C-terminal helices (4). The
different results obtained with the GST-705-794 and GST-705-812 proteins (Fig. 6B)
implicate residues 795 to 812 as contributors to the MA-CT interaction (Fig. 7). These
results are in partial agreement with the original observations of Cosson (35), which
showed a requirement for the C-terminal LLP-1 region but also for LLP-3, with binding
levels dramatically falling off for GST-805-856 versus GST-790-856 proteins (35). Our
results are also consistent with those of cell culture-based HIV-1 replication studies (31,
34). In particular, Murakami and Freed (31) clearly showed that deletions 5 to 8 (Fig. 7),
including the region spanning residues 787 to 806, resulted in dramatic reductions of
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the incorporation of Env into virus particles. Similarly, while Bhakta et al. observed
effects of LLP-2 mutations on Env incorporation, they also found that double-amino-
acid substitutions at residues 795 and 796, 799 and 800, and 802 and 803 (Fig. 7) were
defective for replication in CEM and H9 T cell lines (34). Taken together, we believe that
these results suggest that targeting the HIV-1 MA-CT interaction will be a viable
approach for antiviral interference.

MATERIALS AND METHODS
Proteins for analysis. Wild-type (WT) myristoylated MA and MACA C-terminally His-tagged proteins

were expressed in Escherichia coli strain BL1(DE3)/pLysS (Novagen) from pET-11a-based vectors, purified,
analyzed, and stored as described previously (11, 23, 49). The myristoylated 62QR, 74LG, and 34VI/43FL/
74LG MA variants were transferred from the NL4-3 constructs (8–10; Tedbury et al., unpublished) and
purified similarly to their WT counterparts.

The Schistosoma japonica glutathione S-transferase (GST) and GST-CT proteins were also expressed
and purified from Escherichia coli strain BL21(DE3)/pLysS. GST was expressed from pGEX4T3 (GE Health-
care), and GST-CT was expressed a fusion protein of GST linked at its C terminus with HIV-1 Env CT
residues 705 to 856 as described previously (11). We also prepared truncated versions of GST-CT.
GST-705-752 ends at Env residue 752 with the sequence GGA TCC TAG GCC CGG G, where the codon for
residue 752 is in boldface type and the termination codon is underlined. GST-705-794 ends at Env residue
794 and includes additional codons for WVIS, with the sequence GCC CTC AAA TGG GTA ATT AGC TAG
C. GST-705-812 ends at Env residue 812 and includes an additional glycine residue with the sequence
AGT GCT GTT GGG TAA TTA GCT AGC. GST-796-856 encodes a fusion protein missing Env residues 705
to 795 and has a GST/CT juncture sequence of CCG AAT TCC CAT TGG TGG AAT, where the codon for
Env residue 796 is in boldface type.

GST and GST fusion proteins were purified on glutathione (GSH) columns as described previously by
Alfadhli et al. (11) or by a modification of the method described previously by Murphy et al. (4), in which
GSH columns were employed, and elutions included 20 mM reduced GSH. Purified proteins were
dialyzed in two steps at 4°C with 4 liters of storage buffer (50 mM sodium phosphate [pH 7.0], 150 mM
NaCl, 1 mM �-mercaptoethanol [BME]) and analyzed for purity by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (11, 25, 58, 59) followed by staining or immunoblotting (11, 25, 58, 59) with
an anti-GST primary antibody (at a 1:1,000 dilution) (catalog number SC-138; Santa Cruz Biotech). GST
purifications yielded stocks that were �90% pure and were stored frozen at �80°C in aliquots of 1 to 2 mg/ml.
GST fusion proteins yielded protein stocks that corresponded to �70% full-length protein and �30%
processed GST based on densitometric analysis of stained gels and were stored frozen as described above.

Biochemical assays. Fluorescence anisotropy RNA competition binding assays were performed as
described previously (11, 17, 19). Briefly, 10 nM fluorescein isothiocyanate (FITC)-labeled Sel25 RNA (11,
17, 19, 44) oligomers (5=-FITC-GGACA GGAAU UAAUA GUAGC UGUCC-3=; Invitrogen) were incubated
with 1 �M 62QR MA in 25 mM sodium phosphate (pH 6.0)–50 mM NaCl and challenged with increasing
concentrations of untagged Sel25 RNA, a randomized version of Sel25 (Ran25 [5=-GGACA GAAGG AGAUU
UAUAC UGUCC-3=), or yeast tRNA (catalog number AM7119; Ambion). Experiments were performed in
triplicate, readings were performed in 12- by 75-mm disposable borosilicate glass tubes, and measure-
ments were obtained on a PanVera Beacon 2000 fluorescence polarizer (Invitrogen) at an excitation
wavelength of 490 nm. Readings were made at room temperature, polarization values were calculated
from emitted light intensities according to the ratio of parallel minus perpendicular to parallel plus
perpendicular (11, 17, 19), and binding isotherms were fitted using Prism.

Protein cross-linking analyses were performed by UV light exposure, which has been reported to
cross-link proteins at tyrosine, cysteine, and histidine residues (60–62). For UV cross-linking, 20-�l drops
of 50 �M protein in a solution containing 50 mM sodium phosphate (pH 7.0), 150 mM NaCl, and 1 mM
BME were placed in the center rows of 96-well plates (vinyl; Costar) at 25°C. For cross-linking in the
presence of inositol hexakisphosphate (IP6) (phytic acid; Sigma), samples were supplemented with

FIG 7 Comparison of CT binding and Env incorporation results. Shown is the sequence of the HIV-1
NL4-3 strain CT region from Env residues 780 to 812. Residues depicted in blue are �90% conserved
across 2,351 B clade HIV-1 sequences, while those in green are �90% conserved. Residues in boldface
type are part of LLP-3, and the italicized residues (SAV) (residues 810 to 812) are the only ones shown
whose codons do not overlap the coding region for Rev exon 3. Above the sequence, the arrows indicate
residues included in GST-705-794, which binds poorly to MA relative to the indicated GST-705-812 and
GST-796-856 proteins (Fig. 6). Shown below the sequence are the locations of CT deletions d5, d6, d7,
and d8, which were observed to impair Env incorporation and HIV-1 replication but did not reduce Gag
or cell surface Env levels (31). Also indicated are the locations of double-substitution mutations S5, S6,
and S7, which were observed to impair HIV-1 replication in CEM and H9 T cell lines (34).
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100 �M IP6. UV cross-linking reactions were performed with a UV Stratalinker system (Stratagene) using
the auto-cross-link parameter (1,200 �J [�100]) for 0, 1, 3, and 10 min. At each time point, samples were
removed from the plate and processed for electrophoresis and immunoblotting (11). Monomers, dimers,
and trimers were determined by comparison of mobilities with known size standards (catalog number
161-0374; Bio-Rad) run in parallel and quantified by densitometric scanning and analysis with ImageJ
software (63). For each 10-min UV reaction, the amounts of trimer signals were normalized to monomer
signals to obtain estimates of trimer formation. Standard deviations of percentages of trimers were
calculated using Bessel’s sample size correction with Microsoft Excel software. Probability (P) values were
calculated from unpaired t tests using GraphPad Prism5 software.

CT binding assays were performed as we described previously (11). GST or GST fusion proteins
(1.67 �g) on GSH agarose beads (Sigma, Pierce) (33-�l packed volume) were incubated with 1.5 �M MA
or MACA proteins. In some experiments, incubation mixtures were supplemented with 5 �M IP6, Sel25,
Ran25, or yeast tRNA. After binding reactions, beads were pelleted, and unbound (total) samples were
collected. After washes, bound material was eluted in the presence of 20 mM glutathione. Total (30%)
and bound (60%) samples were fractionated by SDS-PAGE and immunoblotted (11) with primary
antibodies to MA (catalog number 018-48170, lot number 1429301; Capricorn) (1:2,000) and GST (catalog
number SC-138; Santa Cruz Biotech) (1:1,000) for protein detection. Total and bound band levels were
quantified by densitometric scanning and analysis with ImageJ software (63) and normalized as relative
percent-bound levels. Standard deviations and P values were calculated as described above.
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