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Basic Residues in the Matrix Domain and Multimerization Target
Murine Leukemia Virus Gag to the Virological Synapse

Fei Li, Jing Jin, Christin Herrmann, Walther Mothes

Department of Microbial Pathogenesis, Yale School of Medicine, New Haven, Connecticut, USA

Murine leukemia virus (MLV) can efficiently spread in tissue cultures by polarizing assembly to virological synapses. The viral
envelope glycoprotein (Env) establishes cell-cell contacts and subsequently recruits Gag by a process that depends on its cyto-
plasmic tail. MLV Gag is recruited to virological synapses through the matrix domain (MA) (J. Jin, F. Li, and W. Mothes, J. Virol.
85:7672-7682, 2011). However, how MA targets Gag to sites of cell-cell contact remains unknown. Here we report that basic resi-
dues within MA are critical for directing MLV Gag to virological synapses. Alternative membrane targeting domains (MTDs)
containing multiple basic residues can efficiently substitute MA to direct polarized assembly. Similarly, mutations in the polyba-
sic cluster of MA that disrupt Gag polarization can be rescued by N-terminal addition of MTDs containing basic residues. MTDs

containing basic residues alone fail to be targeted to the virological synapse. Systematic deletion experiments reveal that do-
mains within Gag known to mediate Gag multimerization are also required. Thus, our data predict the existence of a specific
“acidic” interface at virological synapses that mediates the recruitment of MLV Gag via the basic cluster of MA and Gag

multimerization.

etroviral assembly is driven by the viral precursor polyprotein

Gag (1). For C-type retroviruses, such as the human immu-
nodeficiency virus (HIV) and murine leukemia viruses (MLV),
viral assembly is initiated at the plasma membrane in most cell
types (2—4). Membrane binding of most retroviral Gag proteins is
mediated by two signals within the matrix (MA) domain: the my-
ristate moiety at the N terminus and a conserved polybasic cluster
(5-8). Both signals are required for Gag plasma membrane local-
ization. Neutralization of the basic residues in the polybasic clus-
ter leads to Gag intracellular relocalization and severely reduces
viral particle production (9-15).

The membrane targeting of cellular N-myristoylated pro-
teins is described by the two-signal model (16). According to
this theory, myristoylation is necessary but not sufficient to
anchor a protein to the membrane. A second signal is required
and has been defined as either a polybasic cluster or a palmitate
moiety (16). Within the family of Src tyrosine kinases, Src con-
tains a polybasic cluster, whereas Lck features palmitates as the
second signal. Fyn contains both a polybasic cluster and palmi-
tates (16).

The polybasic cluster is thought to contribute to membrane
binding through electrostatic interactions with acidic phos-
pholipids (16-20). Acidic phospholipids, especially phospha-
tidylserine (PS) and phosphatidylinositol phosphates (PIPs),
are concentrated at the cytosolic surface of cellular membranes
(21, 22). An important function of them is to target and retain
cationic proteins to specific subcellular membrane compart-
ments through direct protein-lipid interactions (21, 23-25).
The localization of specific PIPs is determined by a concerted
action of spatially regulated kinases and phosphatases (21). PS
and several PIPs, including PI(4,5)P, and PI(3,4,5)P;, are
mostly enriched at the inner leaflet of the plasma membrane
(21, 22).

Strong evidence that the membrane binding of retroviral
Gag is also facilitated by interactions between a polybasic clus-
ter within MA and acidic phospholipids has accumulated (15,
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26, 27). Some of them, including HIV, MLV, equine infectious
anemia virus (EIAV), and Mason-Pfizer monkey virus
(MPMV), exhibit specificity for PI(4,5)P, (11, 28-33). In the
case of MLV, PS participates in Gag localization to the plasma
membrane by increasing the specificity for PI(4,5)P, (11).
Consistent with this notion, PI(4,5)P, has been shown to be
enriched in MLV and HIV virions (28). HIV carrying a deletion
within the basic patch of MA fails to incorporate PI(4,5)P,
(28). EIAV has recently been reported to use PI(3)P and
PI(3,5)P, for targeting to its sites of assembly (34).

Besides interactions between MA and acidic lipids, Gag
multimerization also plays an important role in targeting Gag
to specific microdomains in the plasma membrane (35-39).
Three regions within retroviral Gag proteins have been
shown to contribute to multimerization, the capsid (CA),
nucleocapsid (NC), and MA domains. While the C-terminal-
domain (CTD) and NTD helices of CA enable dimerization
and hexamerization within the lattice of the capsid, respec-
tively (40, 41), NC is thought to contribute to Gag multi-
merization through binding to RNA (42—44). In polarized T
cells, NC-mediated oligomerization is critical for targeting of
HIV Gag to the cytoplasmic face of the plasma membrane at
the uropod (38). MA assembles into trimers in solution and in
three-dimensional crystals (45, 46). MA can also organize into
hexamers or trimers of hexamers on lipid monolayers
(47, 48).
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FIG 1 MLV matrix domain (MA) is dispensable for Gag polarization. (A) Wild-type (wt) and mutant forms of MLV Gag tested. The MTD of Lck, Src, or
Fyn replaced the entire MA domain (left) or only the first 2 amino acids of MA (right). All mutations were made from a full-length virus construct in which
GFP is fused to the C terminus of Gag (59). Basic residues (K and R) and cysteines (C) that are palmitoylated, contributing to the binding of respective
MTDs to membranes, are in bold. (B) HEK293 cells transfected with the viral constructs expressing wt or respective mutants of MLV Gag-GFP (green)
and MLV Env were cocultured with XC cells expressing mCAT-1-mCherry (red). At 2 to 6 h after initiation of coculture, cells were fixed. A spinning disc
confocal microscope was used to visualize the virological synapses between donor (D) and target (T) cells. The images of the resulting 3-pm z stack were
merged into a single extended focus view displayed here. Intensity profiles along the indicated lines of the displayed images and the mean polarization
index (PI) of 10 images were determined to quantify the accumulation of Gag-GFP (green) in the area of Env/receptor complexes (red) at the site of
cell-cell contact (59). Scale bar, 10 pm.

Viruses exploit and manipulate cell-cell contacts to facilitate
viral spreading by efficiently coordinating virus assembly and en-
try at the sites of cell-cell contacts, designated virological synapses
(49-58). Similar cell-cell contacts have been observed for MLV in
which virus assembly is polarized to the contact sites (2, 59-61).
MLV synapses are the consequence of interactions between the
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viral envelope glycoprotein (Env), expressed by infected cells, and
the viral receptor mCAT-1, expressed on the uninfected target
cells (2, 60, 61). Viral Env and receptor mCAT-1 both accumulate
at the cell-cell interface (2, 61). Subsequent recruitment of MLV
Gag to Env and receptor accumulation at the cell-cell interface
depend on the C-terminal residues of the cytoplasmic tail, desig-
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nated the R peptide (2, 59, 61). Recruitment of MLV Gag to viro-
logical synapses requires MA (59). The molecular basis of the spe-
cific recruitment of Gag by MA and whether it is mediated by a
direct or indirect interaction between MA and the cytoplasmic tail
of Env are unknown.

Here, we present evidence for an indirect recruitment of Gag
by Env to virological synapses that is mediated by basic residues in
the membrane targeting domain (MTD) and requires the initia-
tion of Gag multimerization. MA plays no direct structural role, as
it is entirely dispensable for this step. Our data point to the exis-
tence of a specific “acidic” interface at virological synapses that
mediates the recruitment of MLV Gag via the basic cluster of MA
and Gag multimerization.

MATERIALS AND METHODS

Plasmids and reagents. Proviral pLRB303 derived MLV Gag-GFP
(APol), Moloney MLV Gag-YFP, MLV GagPol, Friend MLV EnvAHS,
and EnvAHB8AR expression vectors were previously described (2, 59,
62). PLC3 PH, Akt PH, Btk PH, and TAPP1 PH were kindly provided
by Mark Lemmon (University of Pennsylvania School of Medicine,
Philadelphia, PA) and Cornelis Weijer (University of Dundee,
Dundee, United Kingdom) (63). The C2 domain of lactadherin (Lact
C2) conjugated to green fluorescent protein (Lact C2-GFP) was pro-
vided by Sergio Grinstein, University of Toronto. Src-GFP was kindly
provided by Marc Johnson, University of Missouri. Specific domains
of Gag protein were deleted or replaced by standard overlapping PCR.
HEK293 and XC cells stably expressing mCherry-tagged mCAT-1 were
previously described (2, 59).

Visualizing virus cell-to-cell transmission. HEK293 donor cells were
transfected with the indicated plasmids by FuGENE 6 and cocultured with
XC target cells expressing mCAT-1-mCherry at 4 h posttransfection as
previously described (2, 59). The formation of MLV synapses was repro-
ducibly observed 2 to 6 h after initiation of cocultures (2, 59). Imaging of
fixed samples and time-lapse video microscopy in living cells were per-
formed using a spinning disc confocal microscope as previously described
(2). The extent of polarization of assembly to the MLV synapse in fixed
images was quantified using Volocity (PerkinElmer) as described previ-
ously (59). Briefly, a polarization index (PI) was determined based on the
ratio of Gag fluorescence intensity in the cell-cell interface (identified by
the accumulation of mCAT-1) compared to that outside the contact zone.
Mean PI values were calculated from 10 MLV virological synapses. The
accumulation of Env/receptor complexes at the cell-cell interface was also
quantified by using intensity profiles along the lines drawn across the
center of the MLV synapse.

VLP (virus-like particle) budding assay. HEK293 cells were trans-
fected with various MLV Gag Pol or Gag GFP constructs. At 24 h after
transfection, VLPs were pelleted by microcentrifugation of 1 ml 0.45-pm-
filtered culture supernatants at 14,000 rpm for 2 h over a 15% sucrose
cushion. Cells were lysed with radioimmunoprecipitation assay (RIPA)
buffer. VLP and cell lysates were separated on polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes, followed by
Western blotting using anti-p30 (Invitrogen, CA) primary antibody and
peroxidase-conjugated secondary antibodies.

RESULTS

MLV MA can be replaced with MTDs containing basic residues
to promote polarized assembly. We have previously shown that
targeting of Gag to MLV synapses depends on MA (59). This evi-
dence was based on several independent observations: first, the
N-terminal myristoylation-mediated membrane binding of MA
was a prerequisite for targeting to the cell-cell interface. Second,
replacing the entire MA domain with either a constitutive MTD
from Lck kinase (LckAMA) or a PH domain specific for P1(4,5)P,
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FIG 2 MA is required for VLP release in the full-length MLV Gag-GFP con-
text. To measure VLP release, full-length MLV Gag-GFP mutant constructs
were used to transfected HEK293 cells. At 24 h posttransfection, cells and viral
culture supernatant were collected, followed by Western blotting and anti-p30
CA staining.

prevented Gag recruitment to sites of cell-cell contact (59). Third,
generating MA domain chimeras between MLV (polarized to
MLYV synapses) and HIV (not polarized to MLV synapses) dem-
onstrated that the ability of Gag to polarize to MLV synapses
mapped to MLV MA. Collectively, these data indicated that MLV
MA carries specific signals that are required for the polarized as-
sembly of MLV (59).

To learn more about the role of MLV MA and the effects of
various MTDs in membrane targeting and polarized assembly of
MLV, we further replaced MA with the MTDs from Src and Fyn.
Lck contains two palmitates as a second membrane-binding signal
in addition to the N-terminal myristate. In contrast, Src contains
an additional polybasic cluster and Fyn contains both an addi-
tional polybasic cluster and two palmitates (16) (Fig. 1A). To mea-
sure polarized MLV assembly to virological synapses, we applied a
quantitative visual assay that allows the assessment of Gag polar-
ization to the cell-cell interface (59). Briefly, HEK293 donor cells
expressing wild-type or mutant MLV Gag-GFP (Fig. 1A) and Env
were cocultured for 2 to 6 h with XC target cells expressing viral
receptor mCAT1-mCherry. Cells were fixed and virological syn-
apses between donor cells (marked with D) and target XC cells
(marked with T) were identified based on the strong accumula-
tion of mCAT1-mCherry in the cell-cell interface. The MLV syn-
apse is endocytically active, which leads to the internalization of
mCAT1-mCherry into the donor cell (2, 61). The extent of Gag
polarization to the Env/receptor interface can be displayed using
fluorescence intensity profiles and can be quantified by determin-
ing the polarization index (PI) of Gag (59). PI is defined as the
ratio of Gag fluorescence intensity generated by viral particles
within the contact zone (marked by the accumulation of
mCAT-1) compared to that outside the contact zone (see refer-
ence 59 for a detailed description). A polarization index of 1 indi-
cates random assembly. Using various controls previously de-
scribed, we determined that a mean polarization index larger than
2.5 would indicate clear polarization of MLV Gag (59). For com-
parison and in agreement with previous results (59), the behavior
of wild-type (wt) Gag, LckAMA, and LckGag in this assay is pre-
sented in Fig. 1B. Wt Gag strongly polarized to the virological
synapses (PI = 7.35). The polarization was lost when MA was
replaced with the MTD of Lck (PI = 1.16) but restored when MA
was reintroduced into the construct (PI = 6.10) (Fig. 1B). Surpris-
ingly, when MA was replaced with the MTD of Src or Fyn
(SrcAMA and FynAMA), strong recruitment of Gag was still ob-
served, indicating that MA is dispensable under these conditions
(PI of 6.62 and 4.95, respectively) (Fig. 1B). The preferential re-
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FIG 3 The basic residues within the MTD of Src and Fyn are essential for their ability to compensate for the deletion of matrix domain. (A) MLV Gag mutants
tested. The basic residues within Src and Fyn were replaced with the neutral residue Asn (N) to generate StcNAMA and FynNAMA. SrtcRAMA was created by
substituting Lys (K) with the basic Arg (R). Elimination of palmitylation sites within the MTD of Fyn and Lck was achieved by replacement of the Cys with Ser.
The nonpalmitylated mutants were named FynSAMA and LckSAMA. (B) The experiment was carried out as described for Fig. 1B for the indicated Gag mutants

(Gag-GFP, green; mCAT1-mCherry, red). Scale bar, 10 pm.

cruitment of SrcAMA to the cell-cell contact sites was confirmed
by time-lapse video microscopy (see Video S1 in the supple-
mental material). It should be noted that the deletion of MA in
the MLV full-length Gag-GFP constructs prevented virus as-
sembly and release (Fig. 2) (59). The resulting prevention of
transmission of virus variants lacking MA can cause an accu-
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mulation of Gag in intracellular compartments (Fig. 1B and 2).
While SrcAMA, FynAMA, and LckAMA, like wild-type MLV
Gag, all exhibited some perinuclear and endosomal localiza-
tion, regardless of whether the contact was present (data not
shown), this perinuclear localization was more evident in
the case of LckAMA. Nevertheless, the local enrichment of
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FIG 4 The polybasic cluster within MA is required to target MLV Gag to the virological synapse, and if mutated, can be compensated by N-terminal Src and Fyn
MTDs. (A) The basic cluster mutant (bm) of Gag was created by substituting two basic residues with acidic residues, resulting in a neutral charge (K31KRR34 to
EKER) as previously described (11). SrcbmMA, FynbmMA, and LckbmMA were generated by the N-terminal addition of the respective MTD to the bm mutant
of Gag. The mutants were constructed using Gag-YFP as a parental plasmid (62). (B) Gag-YFP mutants were tested as described for Fig. 1B. The donor HEK293
cells were transfected with respective Gag-YFP mutants and MLV Env (Gag-YFP, green; mCAT-1-mCherry, red). Scale bar, 10 pm. (C) To measure VLP release,
mutants were transferred into the context of a MLV GagPol expression construct. At 24 h after transfection in HEK293 cells, cells and viral culture supernatant

were collected, followed by Western blotting and anti-p30 CA staining.

SrcAMA and FynAMA, but not LckAMA, at the sites of cell-cell
contact was evident, and we observed no correlation between
intracellular localization of Gag and its ability to polarize to the
virological synapse (Fig. 1B). As expected, when MA was rein-
troduced back into these AMA constructs (SrcGag, FynGag,
and LckGag), Gag again fully assembled and was transmitted to
the target cells (Fig. 1B). These data indicate that the small
MTDs of Src and Fyn carry signals that mimic the role of MA in
polarized assembly.

The ability of Src and Fyn MTD to compensate for MA is
dependent on their basic residues. In contrast to Lck, both MTDs
from Src and Fyn contain polybasic clusters (Fig. 1A). Since the
common feature of MLV MA and MTDs from Src and Fyn are
basic residues, we tested if the ability of Src and Fyn MTDs to
compensate for the MA deletion lay in their basic residues.
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SrcNAMA and FynNAMA were generated by substituting the ba-
sic residues with the neutral residue asparagine (Fig. 3A). Consis-
tent with the two-signal model for N-myristoylated proteins, re-
moving the basic residues from Src weakened the membrane
targeting capabilities and increased the intracellular pool of
SrcNAMA Gag-GFP (Fig. 3B). However, the removal of basic res-
idues in Fyn was tolerated and still allowed membrane targeting
most likely because Fyn contains three signals (myristate, palmi-
tate, and basic residues). Importantly, FynNAMA and the plasma
membrane-associated pool of StcNAMA failed to be recruited to
the contact sites, indicating that the basic residues in the MTDs are
required to direct AMA Gag to the contact sites. We also tested if
the lysines are specifically required by replacing them with argi-
nines. The resulting SrcRAMA was still able to polarize to MLV
synapses, indicating that it is the positive charge that matters
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FIG 5 Rescue of polarized assembly of bm Gag is dependent on the basic residues within the N-terminal MTDs. (A) SrcNbm and FynNbm Gag were
created by replacing the basic residues of SrcbmMA and FynbmMA with the neutral Asn (N). Cys (C) residues were replaced with Ser (S) in FynSbm and
LckSbm to delete cysteine-based palmitoylation sites. (B) The respective bmGag mutants were analyzed as described for Fig. 3B (Gag-YFP, green;
mCAT-1-mCherry, red). Scale bar, 10 wm. (C) VLP budding assay using respective Gag-YFP constructs followed by Western blotting and staining with

antibodies against p30.

(Fig. 3B). Last, replacing cysteine with serine in FynAMA and
LckAMA (FynSAMA and LckSAMA) did not affect their polariza-
tion, indicating that palmitoylation is unlikely to play a role in
targeting AMA Gag to the contact sites.

MA lacking the polybasic region fails to be targeted to viro-
logical synapses but is rescued by N-terminal MTDs from Src or
Fyn. The ability of MTDs carrying basic residues to compensate
for the absence of MA suggests that the only MA-specific feature
required for polarized assembly is its basic properties. The con-
served polybasic region of MLV MA is known to be required for
plasma membrane binding and efficient viral particle production
(10, 11, 15). To test if the MLV polybasic region is required for
MLV polarized assembly, we generated a basic patch mutant (bm)
of Gag in which the polybasic region in the MA was neutralized by
replacing two basic residues with acidic residues (K31KRR34 to
EKER) as previously described by Hamard-Peron and coworkers
(11) (Fig. 4A). We confirmed that the bm Gag mutant was local-
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ized intracellularly (Fig. 4B) and was impaired in virus release
(Fig. 4C). N-terminally adding the MTDs of Src, Fyn, and Lck in
front of MA (Srcbm, Fynbm, and Lckbm) restored both plasma
membrane localization and virus release (Fig. 4). However, the
polarized assembly of MLV was rescued only by the basic-residue-
containing Src and Fyn MTD, not by Lck (Fig. 4B). The mild PI of
2.08 observed for Lckbm is below the previously determined cut-
off PI of 2.5 for polarized assembly (59). Essentially identical re-
sults were obtained when the polybasic region of MA was replaced
with neutral residues (K31KRR34 to NNNN or AAAR) (data not
shown). The ability of Src and Fyn MTDs to rescue the polarized
assembly of bm Gag again lay in their basic residues. Substitution
of the basic residues in both MTDs with neutral residues (SrcNbm
and FynNbm) disrupted their ability to rescue polarized assembly
of bm Gag (Fig. 5A and B). Mutating the palmitoylation sites in
Fyn and Lck MTD (FynSbm and LckSbm) did not affect their
ability to rescue bm Gag (Fig. 5A and B). Notably, both FynS and
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TABLE 1 Summary of polarization and other features of MLV mutants

Basic MA Residues Mediate MLV Polarized Assembly

Presence of:

Polarization index

MLV basic MTD basic Membrane
MLV Mpyristoylation Palmitoylation patch residues localization Mean SEM Polarization
Wt + - + +++ 7.35 1.04 +
G2A - - + - - 0.91 0.12 -
SrcAMA + - - + +++ 6.62 0.80 +
SrcNAMA + - - + 1.26 0.20 —
SrcRAMA + - - + +++ 7.12 0.93 +
FynAMA + + - + +++ 4.95 0.68 +
FynNAMA + + - - ++ 1.13 0.15 —
FynSAMA + - - + ++ 4.45 0.56 +
LckAMA + + - - +++ 1.16 0.12 -
LckSAMA + - - - + 0.89 0.13 —
bm + - - - + 0.66 0.11 -
Srcbm + - - + +++ 8.37 0.84 +
SrcNbm + - - - + 0.63 0.11 —
Fynbm + + - + +++ 5.97 0.75 +
FynNbm + + — ++ 0.78 0.10 -
FynSbm + - + ++ 4.26 0.42 +
Lckbm + + - - +++ 2.08 0.23 -
LckSbm + - - - + 1.66 0.19 -
SrcGag + - + + +++ 6.53 0.60 +
SrcNGag + - + - +++ 10.18 1.33 +
FynGag + + + + +++ 7.25 0.79 +
FynNGag + + + - +++ 3.92 0.43 +
FynSGag + - + + +++ 631 0.74 +
LckGag + + + - +++ 6.10 0.70 +
LckSGag + - + +++ 5.88 0.68 +

FynN rescued membrane binding and viral particle production of
the bm mutants to a similar extent, but only the basic residue
containing FynSbm polarized (Fig. 5). These data again indicate a
clear separation of the roles for basic residues in membrane tar-
geting and polarized assembly. As expected, the corresponding
mutants with a wild-type MA (SrcNGag, FynNGag, FynSGag, and
LckSGag) were all targeted to the sites of cell-cell contact (data not
shown). This indicates that the basic residues in the Src or Fyn
MTD and basic residues in the MA polybasic region are function-
ally interchangeable. The behavior of all MLV Gag mutants stud-
ied thus far is summarized in Table 1. Basic residues, irrespective
of whether they are contributed by the endogenous polybasic re-
gion of MA or come from heterologous MTDs, are strictly re-
quired for the polarized recruitment of Gag to the sites of cell-cell
contact.

Targeting of Gag through basic residues is dependent on the
cytoplasmic tail of Env. The biogenesis of the MLV synapses is
driven by Env-receptor interactions (61). Assembly of MLV is
subsequently polarized to the synapse in a process that is depen-
dent on the R peptide within the cytoplasmic tail of Env (2, 59).
We therefore asked if the identified role for basic residues in the
targeting of MLV Gag to the MLV synapse is similarly dependent
on the R peptide. To suppress the high fusogenicity of the R-pep-
tide deletion mutant (Env AR), we deleted histidine 8 (2, 64). For
comparison and consistency with previous results (59), the behav-
ior of Env AR and wt Env is shown at the top of Fig. 6. While
synapses were still established, MLV Gag failed to be recruited to
cell-cell contact sites in the absence of the R peptide. This resulted
in a mean polarization index close to 1, the expected theoretical
value for nonpolarized random assembly (59) (Fig. 6). Impor-
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tantly, the ability of SrcAMA and Srcbm Gag to polarize to the
MLYV synapse was also dependent on the R peptide (Fig. 6). Both
SrcAMA and Srcbm failed to be recruited to the cell-cell contact
established by Env AR, resulting in mean polarization indexes of
1.32 and 1.85, respectively. In contrast, Lckbm Gag exhibited a
modest PI below the cutoff value of 2.5 for both wt Env and Env
AR (PI of 2.08 and 2.21, respectively).

To gain further insights into the kinetics of MLV polarized
assembly and to better understand the nature of the borderline PI
value observed for Lckbm Gag, we recorded multiple time-lapse
videos for wt Gag, Srcbm, and Lckbm Gag, and the PI was calcu-
lated every 30 min and plotted over time. Figure 7 depicts the
quantification process for a single time-lapse movie for the polar-
ized assembly of wt Gag (Fig. 7A and B; also, see Video S2 in the
supplemental material). To quantify visual data, the results from 5
time-lapse videos were normalized by setting the time when viral
assembly initiated to zero (Fig. 7C). Because de novo assembly of
MLV is polarized (2, 61), the initiation of MLV assembly is already
polarized. Such polarization was further enhanced with the addi-
tional accumulation of viral Gag-GFP particles in the cell-cell in-
terface (59). The PI peaked about 2 h after initiation of assembly
and finally declined somewhat as MLV assembly occurred increas-
ingly all over the plasma membrane (Fig. 7C). Importantly, Srcbm
Gag phenocopied the behavior of wt Gag. The polarization of both
wt Gag and Srcbm Gag was also entirely dependent on the pres-
ence of the R peptide of Env (Fig. 7C). These data indicate that the
basic residues in the Src MTD confer the same polarization kinet-
ics to Gag as the native polybasic region of MA and they are both
downstream of the R peptide of MLV Env. In contrast, Lckbm Gag
that lacks basic residues started as more nonpolarized, and only a
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FIG 6 Targeting of Gag through basic residues is downstream of the cytoplasmic tail of Env. Indicated Gag-YFP-mutants were transfected together with either
wt MLV Env or Env AR, and polarized assembly was analyzed as described for Fig. 1B (Gag-GFP, green; mCAT-1-mCherry, red). Scale bar, 10 pm.

minor increase of the PT was observed over time. This steady slow
increase was independent of the R peptide. This suggests that a
moderate accumulation of some viral particles at the adhesive
cell-cell interface can occur late and independently of polarized
assembly. This process may involve surface diffusion of viral
particles.

The acidic lipids phosphatidylinositol (3,4,5)-triphosphate
and phosphatidylserine are enriched at the MLV synapse. Basic
residues within MTDs are believed to mediate membrane binding
through interaction with acidic lipids such as phosphoinositides
(PIPs) or phosphatidylserine (PS). We therefore sought to test the
possible model that these acidic lipids could play an exclusive role
in the targeting of MLV Gag to virological synapses. Such a model
would make several predictions. First, specific acidic lipids should
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belocally enriched at the MLV synapse. Second, the localization of
these lipids to the MLV synapse should be downstream of the R
peptide of MLV Env. Third, fusion of a PH or C2 domain with
specificity for these lipids should direct Gag lacking MA to the
MLV synapse. Finally, interfering with the biosynthesis of these
lipids should disrupt polarized assembly. To address the first
point, we took advantage of well-studied and widely used report-
ers that label the cellular distribution of the acidic lipids (21, 25).
These reporters are GFP proteins fused to the PH domains of Akt,
TAPPI, Btk, and PLC® and the C2 domain of lactadherin, which
specifically interact with defined PIPs or PS, respectively (Fig. 8A).
To identify acidic lipids specifically localized to the MLV synapse
formed by MLV Env and receptor mCAT-1, we cotransfected the
donor cells with each of these reporters together with MLV Env.
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FIG 7 The kinetics of polarized assembly for wt and mutant MLV Gag illustrates the importance of the basic residues. (A) A 3-h time-lapse movie monitoring
polarized assembly of wt Gag (Gag-YFP, green; mCAT-1-mCherry, red) was analyzed every 30 min. The polarization indexes (PI) of single frames at various times
are presented at the upper right corners of the images. Scale bar, 10 pm. (B) Polarization indexes over time for the time-lapse movie frames shown in panel A.
(C) Polarization indexes over time for wt and the indicated Gag mutants in the presence of wt Env or Env AR. The time of the movies was set to zero when viral
assembly was initiated. Error bars represent the standard errors of the means for 5 time-lapse movies.

These donor cells were cocultured with mCAT-1-mCherry-ex-
pressing target cells. Interestingly, these results revealed that the
PH domain, recognizing PI(3,4,5)P5, and Lact C2, recognizing PS,
were enriched at the contact sites (Fig. 8B). In contrast, PI1(4,5)P,
and PI(3,4)P, were localized homogeneously to the plasma mem-
brane (Fig. 8B). However, the acidic markers PI(3,4,5)P; and PS
were not exclusively localized to the MLV synapse but were also
enriched at some other regions along the plasma membrane (Fig.
8B). Second, PI(3,4,5)P5 and PS were also recruited to the cell-cell
contacts established by Env AR, indicating that the enrichment of
both lipids was not downstream of the cytoplasmic tail of Env (Fig.
8B). Third, MLV Gag lacking MA was directed to the MLV syn-
apse by the N-terminal PH domain from Akt [recognizing
PI(3,4,5)P; and PI(3,4)P,] but not by the PH domain of PLC3
[recognizing P1(4,5)P,] (Fig. 9). However, Akt PHAMA Gag was
not exclusively concentrated at synapses but was also localized to a
few additional regions at the plasma membrane. Moreover, nei-
ther the labeling of the virological synapse by these PI(3,4,5)P; and
PS markers nor the recruitment of Akt PHAMA Gag was down-
stream of the R peptide (Fig. 9). Last, MEF IPMK '~ cells, in
which the PI(3,4,5)P; is reduced by half, showed no difference
compared to parental wild-type celllines in their ability to support
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polarized virus assembly (data not shown) (65). Thus, while
PI(3,4,5)P; and PS are biomarkers for specific regions of the
plasma membrane that include but are not restricted to MLV
synapses, the localization of these markers likely plays no func-
tional role in polarized assembly. While acidic lipids may be
involved in the upstream biogenesis of MLV synapses, they do
not appear to play an exclusive role in the recruitment of MLV
Gag to the sites of cell-cell contact. It remains unknown what
acidic interface specifically generated at the virological synapse
is recognized by MLV Gag.

Gag multimerization is required for targeting to the MLV
synapse. We have shown that basic residues, provided either by
MA or by heterologous MTDs, target MLV Gag to the virolog-
ical synapse. Interestingly, basic residues, while required, were
not sufficient, as the MTD of Src fused to GFP failed to be
targeted to MLV synapses (Fig. 10A and B). Our finding that
SrcAMA Gag localized to the MLV synapses indicated that a
second signal within Gag must also be required. To identify this
signal, we deleted the p12-CA or NC domains within the
context of SrcAMA, respectively (SrcAMAApI2ACA and
SrcAMAANC) (Fig. 10A). These experiments revealed that NC
was required and sufficient to localize SrcAMA Gag to contact
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FIG 8 The acidic phospholipids PI(3,4,5)P, and PS are enriched at the virological synapse independently of the cytoplasmic tail of Env. (A) Probes used
and their specificity for acidic lipids. (B) Constructs expressing the indicated probes (green) were cotransfected together with wt Env or Env AR, and the
localization of the probes to MLV synapses formed by Env and mCAT-1-mCherry (red) was tested in an coculture experiment as described for Fig. 1B.

Scale bar, 10 pm.

sites (Fig. 10B). The inability of SccAMAANC (or Src-p12CA)
to localize to MLV synapses was restored by introducing the
trimeric leucine zipper domain from the yeast transcription
factor GCN4 (66) (SrcAMAANC-LZ or Src-p12CA-LZ) at the
position of NC. These data indicate that Gag-mediated multi-
merization likely constitutes a second signal required for po-
larized assembly. Three domains within retroviral Gag proteins
contribute to Gag-Gag interactions, CA, NC, and MA (40, 42—
44, 47, 48, 67, 68). A model in which several domains within
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Gag can contribute a multimerization feature is supported by
our previous observation that NC is dispensable for synapse
location in the context of Gag containing MA and CA
(GagANC) (Fig. 10A) (59). However, NC is the only single
domain strong enough to target the Src MTD to synapses. MA,
CA, and LZ in isolation all failed to target the Src MTD to the
MLV synapse (Fig. 10; also data not shown). However, combi-
nations of two of these three domains permitted targeting to
sites of cell-cell contact in an NC-independent manner
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FIG 9 MLV Gag lacking MA was directed to cell-cell interface by the N-terminal PH domain of Akt but not by the PH domain of PLC. (A) MLV Gag lacking MA
carrying lipid binding PH domains of Akt [recognizing PI(3,4)P, and PI(3,4,5)P;] or PLCS [recognizing P1(4,5)P,]. (B) Gag-GFP constructs were assayed in the
presence of wt Env or Env AR, as described for Fig. 1B, and the localization of Gag-GFP to the MLV synapse, characterized by the accumulation of mCAT-1-

mCherry, was quantified.

(Fig. 10B). Taken together, our results suggest that Gag-medi-
ated higher-order multimerization is required for localization
to the contact sites.

DISCUSSION

MLV can enhance the efficiency of viral spreading by polarizing
assembly to sites of cell-cell contact. Here we have shown that the
recruitment of MLV Gag to virological synapses is dependent on
basic residues within MA and Gag domains that mediate Gag-Gag
interactions. A requirement for the basic cluster in MA- and Gag-
mediated multimerization, described here for MLV, resembles the
mechanism of cytoplasmic targeting of HIV Gag to the uropod in
polarized T cells (38, 69). They likely represent basic principles of
how retroviral Gag proteins achieve polarity on the cytoplasmic
phase of membranes.

However, beyond these general similarities, the MLV MA ap-
pears to fundamentally differ from HIV MA. The HIV MA do-
main placed at the N terminus of MLV Gag cannot promote po-
larized assembly to virological synapses generated by MLV Env
and its receptor mCAT-1 (59). HIV MA specifically binds
PI(4,5)P, (30, 41, 70), and the PI(4,5)P, specific PH domain of
PLC3 can functionally replace HIV MA (3). In contrast, neither
the HIV MA nor the PI1(4,5)P,-specific PH domain can polarize
MLV Gag to virological synapses. Rather, MLV MA appears to
mimic the biology of Src and Fyn MTDs that contain basic
residues. In fact, the role of MLV MA domain in Gag polariza-
tion is dispensable as long as it is replaced by Src- and Fyn-like
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MTDs. Similarly, mutations in the polybasic cluster of MA
disrupt Gag polarization and can be restored by N-terminal
addition of MTD containing basic residues. A previous report
demonstrated that MLV MA behaves like a bona fide P1(4,5)P,-
specific MTD (11). While we confirm that PI1(4,5)P,-specific PH
domains can mediate MLV Gag localization to membranes, our
present study suggests that MLV MA must recognize an acidic
environment at cell-cell contacts that is distinct from PI1(4,5)P,-
enriched microenvironment. In contrast to PI(4,5)P,-specific do-
mains, PI(3,4,5)P5- and PS-specific domains exhibited specificity
for the MLV synapse. However, the labeling was never exclusive
for the synapses. The recruitment of PI1(3,4,5)P; and PS to the
MLV synapse was also not downstream of the C tails of MLV Env,
and cells with reduced PIP; levels still promoted MLV synapse
formation.

We have studied the recruitment of MLV Gag to the MLV
synapse established by MLV Env binding to the receptor mCAT-1.
Interestingly, a similar role for multiple domains in MLV Gag was
recently described for the specific incorporation of MLV Env into
budding MLV particles (71). Potentially, direct or indirect inter-
actions between the cytoplasmic tail of Env and MLV Gag depend
on multimerization in both cases. Our current working hypothe-
sis is that MA targets Gag to specific microdomains at the plasma
membrane. Gag multimerization creates a basic surface that can
interact with an acidic interface that is downstream of the cyto-
plasmic tail of MLV Env. The identity of the specific acidic inter-
face remains elusive. Future work should concentrate on the un-
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FIG 10 Several domains within Gag contribute to the targeting of MLV Gag to virological synapses. (A) Wild-type (wt) and various Gag deletion constructs. Gag
mutants lacking MA were targeted to membrane and the virological synapse by the MTD of Src. LZ represents the trimeric leucine zipper domain and was used
to replace NC. *, MLV Gag lacking NC was previously described (59). (B) Localization of indicated Gag-GFP mutants (green) within HEK293 cells cocultured
with XC cells expressing mCAT-1-mCherry (red) as described for Fig. 1B. Scale bar, 10 pm.

derlying cell biology to understand MLV Gag targeting to
virological synapses.
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