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Retroviral Gag proteins, in the absence of any other viral products, induce budding and release of spherical,
virus-like particles from the plasma membrane. Gag-produced particles, like those of authentic retrovirions,
are not uniform in diameter but nevertheless fall within a fairly narrow distribution of sizes. For the human
immunodeficiency virus type 1 (HIV-1) Gag protein, we recently reported that elements important for con-
trolling particle size are contained within the C-terminal region of Gag, especially within the p6 sequence (L.
Garnier, L. Ratner, B. Rovinski, S.-X. Cao, and J. W. Wills, J. Virol. 72:4667-4677, 1998). Deletions and
substitutions throughout this sequence result in the release of very large particles. Because the size determi-
nant could not be mapped to any one of the previously defined functions within p6, it seemed likely that its
activity requires the overall proper folding of this region of Gag. This left open the possibility of the size
determinant residing in a subdomain of p6, and in this study, we examined whether the late domain (the region
of Gag that is critical for the virus-cell separation step) is involved in controlling particle size. We found that
particles of normal size are produced when p6 is replaced with the totally unrelated late domain sequences
from Rous sarcoma virus (contained in its p2b sequence) or equine infectious anemia virus (contained in p9).
In addition, we found that the large particles released in the absence of p6 require the entire CA and adjacent
spacer peptide sequences, whereas these internal sequences of HIV-1 Gag are not needed for budding (or
proper size) when a late domain is present. Thus, it appears the requirements for budding are very different

in the presence and absence of p6.

The major structural proteins of human immunodeficiency
virus type 1 (HIV-1) are initially synthesized in the form of a
polyprotein precursor, Pr55“¢ (Fig. 1). The Gag polyproteins
assemble at the plasma membrane in a process that leads to the
release of spherical, enveloped, and immature virions. A num-
ber of studies have demonstrated that Pr55%“ is the only viral
protein essential for assembly and release of viral particles (10,
17, 18, 33).

Very late during budding or immediately after, cleavage of
Pr55%¢ by the virally-encoded protease releases the mature
products p17 (MA [matrix]), p24 (CA [capsid]), p7 (NC [nu-
cleocapsid]), and the C-terminal peptide p6, as well as two
small peptides, SP2 (spacer peptide 2) and SP1 (12, 16). How-
ever, it is the uncleaved Gag protein that directs the assembly
and budding events (for a review, see reference 9). It is now
clear that the MA sequence contains the M (membrane bind-
ing) domain, which specifically directs Gag proteins to the
membrane. Within the NC sequence, two copies of the I (in-
teraction) domain mediate tight interactions between Gag
molecules at the membrane to give particles their proper den-
sity. Finally, the separation of the particle from the cell surface
is mediated by the L (late) domain, which resides within the p6
sequence. Although the M, I, and L. domains have been shown
to be sufficient for the release of virus particles of normal
density (for a review, see reference 9), they are insufficient for
the production of normal-sized particles.
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A recent study of Rous sarcoma virus (RSV [20]) has dem-
onstrated that the size determinants map to the segment of
Gag consisting of CA plus the spacer peptides located between
CA and NC. Small deletions throughout CA-SP result in par-
ticles that are large and heterogeneous (20). In the case of
HIV-1, the arrangement of size determinants is very different,
and although the spacer peptide (SP1) following CA may be an
important size determinant, the CA sequence appears to be far
less critical (8, 19). Thus, while some CA mutants have been
reported to have altered sizes (3, 6), many others have been
shown to have normal size, although infectivity is lost (31). By
employing rate-zonal gradients to systematically study the ef-
fect of deletions throughout the Gag protein, we recently re-
ported that the HIV-1 CA sequence does not control particle
size during budding. Rather, the C-terminal sequences of Gag,
and especially p6, are critical for determining HIV-1 particle
diameter (8). Thus, Gag proteins with deletions within MA,
CA, or the N-terminal part of NC produce particles of normal
size, while those with defects in the p6 sequence or the C-
terminal part of NC release very large particles, even though
proper buoyant density was retained. The importance of p6 is
further emphasized by its ability to restore normal size to RSV
CA mutants that otherwise produce large and heterogeneous
particles in its absence (8).

How the p6 sequence functions to constrain the size of an
emerging particle is unknown. In our previous study, the size
determinant could not be mapped to motifs within p6 having
known functions, including the minimal sequence that defines
the L domain (8); rather, the folded structure of the entire p6
seemed to be important. Thus, it was not possible to rule out a
role for the L domain in controlling particle size. To further
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examine this possibility, the RSV p2b and equine infectious
anemia virus (EIAV) p9 sequences and their associated L
domains were moved to the C terminus of HIV-1 Gag in place
of p6. In both cases, the presence of the heterologous L do-
main was sufficient to restore normal particle size as measured
by sedimentation experiments. These findings demonstrate
that the L domains from three unrelated Gag proteins can
function independently as determinants of HIV-1 particle size.
Further evidence for this was obtained from experiments with
EIAV, which showed that the C-terminal sequences of this
lentiviral Gag protein, like those of HIV-1, are critical for
determining particle size and can be functionally replaced with
the L domains of RSV and HIV. We also uncovered evidence
that the HIV-1 Gag protein utilizes a different mechanism for
budding when p6 is absent, a pathway that requires the pres-
ence of an intact CA-SP1 sequence.

MATERIALS AND METHODS

All of the constructs used in this study lack viral protease activity (2, 5, 38). All
DNA manipulations were carried out by using standard methods (34). Recom-
binant plasmids were propagated in Escherichia coli DH-5a with YT medium
containing ampicillin (25 pg/ml). Each construct was sequenced, and two inde-
pendent clones of each mutant were analyzed in transfection experiments to
minimize possible unwanted mutations.

Construction of p6 deletion mutants. All gag alleles were expressed by using a
simian virus 40 (SV40)-based vector. Constructs pSV.M1.HIV Gag and pSV.M1.
HIVAp6 have been previously reported (8).

To combine previously described MA deletion mutations with a p6 deletion,
pSV.M1.HMAI, pSV.M2.HMA2, and pSV.M1.HMA3 (8) were digested with
Miul and Spel, and each of the resulting small fragments was ligated into the
Miul-Spel sites of pSV.M1.HIVAp6. The recombinants were named pSV.M1.
HMA1.Ap6, pSV.M2.HMA2.Ap6, and pSV.M1.HMA3.Ap6, respectively (Fig. 1).

To combine previously described CA, NC, and SP1 deletion mutations with a
p6 deletion, pSV.M1.HCA4, pSV.M1.HCAS, pSV.M1.HCA6, pSV.M1.HCA7,
pSV.M1.HCAS, pSV.M1.HCNCA, and pSV.M1.HASP1 (8) were digested with
BgllI and BssHII and then ligated with an oligonucleotide pair containing a stop
codon inserted in place of the first p6 codon (8). The resulting constructs were
named pSV.M1.HCA4.Ap6, pSV.M1.HCAS.Ap6, pSV.M1.HCA6.Ap6, pSV.M1.
HCA7.Ap6, pSV.M1.HCA8.Ap6, pSV.M1.HCNCA.Ap6, and pSV.M1.HASP1.
Apb, respectively (Fig. 1).

To combine a previously described NC deletion mutation with a p6 deletion,
pSV.M1.HIVAp6 was digested with Apal and Bgl/1l, treated with T4 DNA poly-
merase, and religated. One foreign residue (Ser) was introduced at the site of the
deletion. The resulting construct was named pSV.M1.HNCA.Ap6 (Fig. 1).

Construction of HIV-p2 deletion mutants. To insert the RSV p2b sequence
(and its associated L domain) in the place of the HIV-p6 sequence, pSV.M1.HIV
Gag and previously described CA, SP1, and NC deletion mutants (8) were
digested with Bg/II and Spel and ligated with the fragment containing the p2b
sequence, resulting from the digestion of pSV.RHB.T10C.tp2 (25) with Bg/II-
Spel. The resulting constructs were named pSV.M1.HG.tp2, pSV.M1.HCA4.tp2,
pSV.M1.HCAS.tp2, pSV.M1.HCAG.tp2, pSV.M1.HCA7.tp2, pSV.M1.HCAS.tp2,
pSV.M1.HCNCA.tp2, and pSV.M1.HASP1.tp2 (Fig. 4).

To insert the RSV p2b sequence in the place of the HIV-1 p6 sequence in the
NC deletion mutant M1.HNCA (8), pSV.M1.HG.tp2 was digested with Apal and
Bglll, treated with T4 DNA polymerase, and religated. The resulting construct
was named pSV.M1.HNCA.tp2 (Fig. 4).

Chimeric HIV-EIAV gag alleles. To place the EIAV p9 sequence (and its
associated L domain) in the place of HIV-1 p6, pSV.M1LHIV Gag,
pSV.M1.HCA4, pSV.M1.HCA7, pSV.M1.HCNCA, and pSV.MI1.HCASPI
were digested with Apal-EcoRV and ligated with the fragment containing the p9
sequence, resulting from the digestion of pSV.RHE.p9 (25) with Apal and
EcoRV. The recombinants were named pSV.M1.HCA4.tp9, pSV.M1.HCA7.tp9,
pSV.M1.HCNCA.tp9, and pSV.M1.HASP1.tp9 (Fig. 4).

Four other HIV-EIAV chimeras used in this study (Fig. 6, pSV.EG.p6 [28],
pSV.RHE.T10C— [25], pSV.RELT10C [25], and pSV.RHE.p9.T10C [25]) as
well as two EIAV constructs (pSV.EG [28] and pSV.EG.p9— [28]) have been
previously reported.

Construction of M1.HG.CY. PCR amplification of the iso-1-cytochrome ¢
sequence of pSV.MYCY (36) was performed to create a Bg/II site immediately
upstream of the fourth codon and an BssHII site immediately downstream of the
stop codon by using 5'-ATAGGAGGGGAGATCTGGAAGGCCGTTTCTGC
TAAGA-3' as the upstream primer and 5'-ATCCTACAGCGCGCTTACTCA
CAGGCTTTTT-3' as the downstream primer. The amplified fragment was di-
gested with Bg/II and BssHII (restriction endonuclease recognition sites are
underlined in the primer sequences) and ligated into plasmid pSV.M1.HIV Gag
(8), which had been digested with the same enzymes. The recombinant was
named pSV.M1.HG.CY.
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Transfection of cells and metabolic labeling. COS-1 cells were grown in 35-
mm- or 60-mm-diameter dishes in Dulbecco’s modified Eagle medium (DMEM;
GIBCO BRL) supplemented with 3% fetal bovine serum and 7% bovine calf
serum (HyClone, Inc.). These cells were transfected with Xbal-digested and
ligated plasmids by the DEAE-dextran-chloroquine method as described previ-
ously (38). At 48 h after transfection, the COS-1 cells were labeled with [**S]me-
thionine (10 pCi or 50 pnCi; >1,000 Ci/mmol). After 2.5 h of labeling, the cells
and growth medium from each labeled culture were mixed with lysis buffer
containing protease inhibitors, and the Gag proteins were immunoprecipitated
for 1 h at 4°C with a human HIV immunoglobulin (27), electrophoresed in
sodium dodecyl sulfate-12% polyacrylamide gels, and visualized by fluorography.
The autoradiograms were then quantitated by laser densitometry.

Density gradient analysis. To ensure that the Gag deletion mutants used in
this study produced dense particles, several of the key constructs (M1.HG.tp2,
M1.HG.tp9, M1.HCAG.tp2, M1.HNCA.tp2, and M1.HCA7.tp9) were tested by
centrifugation of the samples through density gradients as previously described
(8). All of them released dense particles (data not shown). Many of the other
constructs have been analyzed previously and found to be released into dense
particles, including M1.HIV Gag (8), M1.HIV.Ap6 (8), EG.p9— (28), EG (28),
EG.p6 (28), RELTIOC (25), and RHE.p9.T10C (25).

Rate-zonal gradient analysis. Two days posttransfection, COS-1 cells were
labeled in methionine-free, serum-free Dulbecco’s medium supplemented with
[3*S]methionine (50 nCi; >1,000 Ci/mmol) for 5 h in 0.5 ml. After the labeling
period, the medium was immediately centrifuged at a low speed to remove cel-
lular debris. Radiolabeled infectious RSV was added to each sample to provide
an internal size marker. This virus, obtained from RSV-infected turkey embryo
fibroblasts (TEF) which were propagated in supplemented F10 medium as de-
scribed previously (15), was labeled with [*>S]methionine as described above.
Similarly, EIAV-infected equine dermal cells (American Type Culture Collec-
tion catalog no. CCL 57, kindly provided by Ron Montelaro and Bridget Puffer,
University of Pittsburgh, Pittsburgh, Pa.) propagated in DMEM supplemented
with 10% fetal bovine serum, were labeled as described above. Each mixture was
layered onto 10 to 30% sucrose and centrifuged at 83,500 X g for 0.5 h in a
Beckman SW41Ti. From each gradient, 0.6-ml fractions were collected, and Gag
proteins were immunoprecipitated with a mixture of anti-RSV and anti-HIV
antisera (27) and subjected to electrophoresis. For EIAV constructs, we used a
mixture of anti-RSV and anti-EIAV antisera (a kind gift from Ron Montelaro
and Bridget Puffer, University of Pittsburgh). All gradients were repeated at least
once to confirm the results.

RESULTS

We recently reported that important size-controlling ele-
ments within the HIV-1 Gag protein are contained within its
C-terminal sequences and especially within the entire p6 se-
quence (8). Moreover, we found no evidence that the HIV-1
CA sequence plays any role in determining particle size. In
contrast, previous studies of RSV showed that the CA-SP
sequence of its Gag protein is critical for normal size, and small
deletions throughout it result in the release of large, hetero-
geneously-sized particles (20). These results suggested that
either lentiviruses (HIV-1) and oncoviruses (RSV) have dif-
ferent size controlling elements or that the impact of HIV-1
CA deletions on particle size cannot be detected when the p6
sequence is present within Pr55%“¢. In other words, the CA
sequence of HIV might be important for the mechanism of
large particle production that occurs when p6 is absent.

To further examine the role of the CA sequence as well as
MA, SP1, and NC domains in determining particle size in the
absence of p6, we removed the p6 sequence from a collection
of previously described HIV-1 Gag deletion mutants (8). Each
of the HIV-1 constructs has the first 10 residues of the Src
protein in place of the 32-residue M domain of HIV-1 (Fig. 1).
As previously reported (8), this modification has no effect on
particle size but leads to enhanced production of Gag proteins
and rapid release of virus-like particles into the growth me-
dium after transfection (M1.HIV Gag, Fig. 2A, lanes 3 and
18). To assess particle size, medium samples from transfected
COS-1 cells were analyzed in 10 to 30% rate-zonal sucrose
gradients. We chose this method of measuring particle size
because this technique, unlike electron microscopy (EM) anal-
ysis, allows the entire population of particles to be detected
regardless of their morphological appearance. That is, very
large particles might go unrecognized by EM methods. It
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FIG. 1. Combinations of internal Gag deletions with a terminal p6 deletion. The names of the Gag cleavage products (MA, CA, SP1, NC, SP2, and p6) are indicated.
The shaded region within CA marks the MHR. The black box at the N termini of the constructs represents the first 10 amino acids from pp60¥**. The squiggle depicts
the fatty acid myristate. The black rectangles above the NC sequence mark the cysteine-histidine boxes. Numbers below the Gag molecules refer to amino acid residues.
The properties of the Gag mutants with regard to particle release and size distribution are summarized in columns at the right of the figure: N, homogeneous particles

of normal size; L, homogeneous particles of large size.

should be noted that in the case of RSV, the variation in size
detected by the rate-zonal gradient method was in agreement
with EM results (20). The gradient analyses were performed
a minimum of two times for each mutant in this study, and
representative data are presented here. As previously reported
(8), the parental M1.HIV particles were homogeneous and
sedimented one or two fractions more slowly than authentic
RSV virions (Fig. 2B, panel 1), but cosedimented with RSV
particles produced by expressing RSV Gag alone in COS-1
cells (protease deletion mutant 3h [37]; data not shown). In

agreement with our previous study (8), particles lacking the p6
sequence were very large but uniform in size (panel 2).

Protease treatments showed that the large sizes of these
particles was not a result of changes in protein composition or
their outside surface. That is, M1.HIVAp6 particles treated
with trypsin prior to centrifugation were again very large; how-
ever, they were completely susceptible to trypsin digestion in
the presence of Triton X-100 (data not shown).

Deletion of p6 from MA mutants. To address the role of MA
in determining particle size in the absence of p6, COS-1 cells
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were transfected with M1.HMA1.Ap6, M1.HMA2.Ap6, and
M1.HMA3.Ap6 (Fig. 1). While intracellular synthesis of Gag
proteins was similar to wild-type levels for M1.HMA1.Ap6
and M1.HMA2.Ap6, Gag expression was severely reduced in
M1.HMA3.Ap6 (Fig. 2A, compare lanes 3 and 5 to 7). Analysis
of the media fractions revealed that M1.HMA1.Ap6 and
M1.HMA2.Ap6 were present but greatly reduced for particle
release (reduction about fivefold, Fig. 2A, compare lanes 18
and 20 to 21), while M1.HMA3.Ap6 was not detectable,
which is due either to a lower efficiency of budding or to a
lower level of expression (Fig. 2A, compare lanes 18 and
22). For comparison, an assembly-incompetent deletion mu-
tant (RHB.T10C [25]), which lacks L domains needed for
budding, is shown in lane 17. Gradient analyses revealed that
both M1.LHMA.Ap6 and M1.HMA2.Ap6 still produced large
particles like the Ap6 parent, although those of M1.HMA1.Ap6
were more heterogeneous in size (Fig. 2B, panels 3 and 4).
Although the efficiency of budding is reduced for the p6 dele-
tion mutants when combined with MA deletions, these data
indicate that MA does not influence particle size.

Deletion of p6 from CA, SP1 mutants. To address the role of
CA and SP1 in large-particle production, COS cells were trans-
fected with a collection of HIV CA and SP1 deletion mutants,
all of which lacked the p6 sequence (Fig. 1). While intra-
cellular synthesis of Gag proteins was similar to wild-type
levels in M1.HCA4.Ap6, M1.HCAS5.Ap6, M1.HCA6.Ap6, and
M1.HASP1.Ap6, the level of Gag expression was severely re-
duced in M1.HCA7.Ap6 and M1.HCAS8.Ap6 (Fig. 2A, compare
lanes 3 and 8 to 12 and 14). Unexpectedly, all of the CA and
SP1 deletion mutants were defective for particle release (Fig.
2A, compare lanes 18 and 22 to 27 and 29). This was surprising
because the very same CA and SP1 deletions in the presence of
p6 do not greatly affect particle release or size (8). Thus, it
appears that the HIV-1 CA and SP1 sequences are required
for and may drive the production of large particles in the
absence of p6 (see Discussion).

Deletion of p6 from NC mutants. To determine the contri-
bution of NC to particle size, we removed p6 from two previ-
ously described NC deletion mutants (8). MI.HCNCA.Ap6
contains a deletion which removes a portion of the CA up-
stream of the major homology region (MHR) along with SP1
and the first six residues from NC, while M1.HNCA.Ap6 lacks
the second half of the NC, SP2, and p6 but retains I domain
activity (Fig. 1). Both proteins were produced at wild-type
levels (Fig. 2A, compare lanes 3 and 13 and 15).
M1.HNCA.Ap6 was released into the medium with approx-
imately 50% of wild-type efficiency (Fig. 2A, compare lanes
18 and 30), whereas M1.HCNCA.Ap6 was completely defec-
tive for particle release (Fig. 2A, compare lanes 18 and 28),
again suggesting the importance of CA and SP1 in the pro-
duction of large particles in the absence of p6. When ana-
lyzed for size, M1.HNCA.Ap6 was found to be contained in
relatively homogeneous but very large particles (panel 5). This
sedimentation profile was identical to that for M1.HNCA (8),
indicating once again that an important size determinant is
located within the C-terminal portion of NC.

Substitutions of p6 with RSV p2b and EIAV p9. Because we
were unable to analyze the impact that CA deletions might
have on particle size in the absence of p6, we next attempted to
restore budding to the HIV CA deletion mutants by including
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heterologous L domains at their C termini. We decided to use
the RSV p2b and EIAV p9 sequences and their associated L
domains because it has been previously shown that these se-
quences can provide L domain activity in the context of het-
erologous Gag proteins (25, 28). We hoped that they would
restore budding without themselves influencing particle size,
since previous studies have not implicated L domains as size
determinants (8, 20). As a control, we first examined constructs
with complete CA sequences. We found that the HIV-p9 chi-
meric particles (produced by M1.HG.tp9, Fig. 3A) were re-
leased into the medium with the same efficiency as M1.HIV
Gag (Fig. 3B, compare lanes 3 and 5), whereas the level of re-
lease of HIV-p2 (produced by M1.HG.tp2, Fig. 3A) was re-
duced about fourfold compared to wild-type level (Fig. 3B,
compare lanes 3 and 4). This decrease is likely due to subop-
timal positioning of the RSV L domain at the end of HIV Gag.
Consistent with this, we previously noted a 50% decrease in
particle release for a RSV-HIV chimera containing the p2b
sequence at this position (RHB.T10C.tp2 [25]).

As expected, subsequent sedimentation analyses showed
that both L domain chimeras produced particles of normal
density when analyzed in 10 to 50% isopycnic sucrose gradients
(data not shown). However, when particle size was analyzed in
10 to 30% rate zonal gradients, particles for both chimeras
were not large but appeared essentially identical in size distri-
bution to the control particles (Fig. 3C). This provided our first
indication that L. domains may be important for size. To ad-
dress the possibility that any random sequence placed at the C
terminus of HIV Gag would be sufficient to obtain normal
particle size, we analyzed chimera M1.HG.CY, which contains
the iso-1-cytochrome ¢ sequence from Saccharomyces cerevi-
siae in place of p6 (Fig. 3A). Although this sequence does not
interfere with budding when attached to the C terminus of the
RSV Gag protein (36), we found that the HIV-cytochrome
chimera was severely defective for particle release, although it
was synthesized at levels similar to wild type (Fig. 3B, lanes 6).
For comparison, an assembly-incompetent deletion mutant
(T10C [37]), which lacks late domains needed for budding, is
shown in lanes 2. The only known feature in common to p6, p9,
and p2b is L domain activity, and thus, we conclude that the L
domains play an active role in constraining particle size, at
least in the context of HIV-1 Gag.

Having found that heterologous L. domains do influence
particle size, we could not predict what would happen when
segments of CA or other regions of Gag were removed from
the chimeras. For example, would a CA deletion block particle
release for the p2b or the p9 chimera? If not, would particles
of normal or large size be released? To answer these questions,
a variety of gag deletions were inserted into the HIV-p2 and
HIV-pY chimeras (Fig. 4). As before, budding efficiencies of
the p2 chimeras were lower than those observed for the HIV-
p9 constructs but sufficient for size analyses (data not shown).
When sedimented through sucrose, each of the CA, CA-NC,
and SP1 mutants produced relatively uniform populations of
particles that were not large but were somewhat smaller than
the internal RSV control (curves with triangular symbols in
Fig. 5A to F and H to L). For each mutant, the shift of the peak
to a position four fractions or less above the control was quite
reproducible and has been also seen in the case of M1.HG.tp9
(Fig. 3C). The reason for this shift toward smaller particles

FIG. 2. Properties of p6-deleted Gag polyproteins. (A) COS-1 cells were transfected with the indicated DNAs and labeled as described in Materials and Methods.
Molecular mass standards (in kilodaltons) are indicated to the left. (B) Distribution of particle size in rate-zonal gradients. COS-1 cells were transfected with the
indicated DNAs, and after 48 h were labeled with [>*SJmethionine for 5 h. After the labeling period, particle sizes were analyzed as described in Materials and Methods.
Radiolabeled RSV from infected TEF cells was added to the gradients to provide an internal control. Arrows indicate the direction of sedimentation.
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FIG. 3. Replacement of p6 with heterologous L domains. (A) M1.HG.tp2 contains the L domain of RSV Gag, while M1.HG.tp9 contains the L domain of EIAV.
M1.HG.CY contains the yeast iso-1-cytochrome ¢ sequence, which does not have an L domain. The names of the Gag cleavage products (MA, CA, NC, p6, p2, and
p9) are indicated. The black box at the N termini of the constructs represent the first 10 amino acids from pp60*~*. The squiggle represents the fatty acid myristate.
(B) COS-1 cells were transfected with the indicated DNAs and labeled as described in Materials and Methods. Molecular mass standards (in kilodaltons) are indicated
to the left. (C) Distribution of particle size in rate-zonal gradients. COS-1 cells were transfected with the indicated DNAs and labeled with [**S]methionine for 5 h.
After the labeling period, particle sizes were analyzed as described in Materials and Methods. HIV-p2 and HIV-p9 chimeras produced normal-sized particles. Arrows
indicate the direction of sedimentation.
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Cys-His Size
f\ Src sequence MHR boxes -
B 1
M1.HCA4.1p2 @V;\ MA | CA [ ne B Sm
10 33 145 176 p2
M1.HCAS.tp2 ﬂﬁ/l MA | cA | ne 4 Sm
176 210
M1.HCA6.1p2 f’”l MA | CA | ne Sm
240 279
M1.HCA7.tp2 NrVl MA | cA [ ne Sm
240 310
M1.HCA8.tp2 HMI MA | CcA | ne [ Sm
240 349
| I |
M1.HCNCA.tp2 f“l A | cA ne [ Sm
240 383
]
M1.HNCA.tp2 M' MA | ca_ | [ 1 P L
407 437
M1.HASP1.tp2 JIIy. MA { CA—E NC |H Sm
363 376
M1.HCA4.tp9 ,Ml MA | ca | Il ne [[pg] Sm
145 1786
M1.HCA7.tp9 JJMI‘ MA | CA IS Sm
240 310
ni .
M1.HCNCA.tp9 ﬁw/l MA | CA ne Jef] Sm
240 383
M1.HASP1.tp9 JNI MA | CA nNe [[p9] Sm
363 376

FIG. 4. Deletion of internal Gag sequences from the L domain chimeras. The names of the Gag cleavage products (MA, CA, NC, p6, p2, and p9) are indicated.

The black box at the N termini of the constructs represents the first 10 amino acids from pp6(

v-src
>

and the squiggle represents the fatty acid myristate. The black

rectangles above the NC sequence mark the cysteine-histidine boxes. Numbers refer to amino acid residues. The column at the right of the figure summarizes the size
distribution of the mutants: Sm, particles that are uniform in size but smaller in diameter; L, homogeneous particles of large size.

remains to be determined but may be due to the absence of
viral components other than Gag. Only M1.HNCA.tp2, which
lacks the second half of the NC sequence and the first four
residues of SP2 (Fig. 4), produced large particles (panel G). A
similar construct having p9 in the place of p2 was not tested,
but when p6 is present on this mutant, large particles are also
produced (8). Thus, it appears that the CA sequence, the
N-terminal part of NC, and SP1 are not important for HIV-1
particle size when an L domain is present.

Analysis of size determinants of EIAV Gag. In view of the
fundamental differences reported for the size determinants of
RSV (20) and HIV-1 (8), we decided to examine the impor-
tance of the C terminus in another lentiviral Gag protein. In
our initial experiments, particles produced by expressing the

wild-type EIAV Gag protein in COS cells were subjected to
rate zonal analysis (Fig. 6, construct EG). Unexpectedly, these
particles were relatively heterogeneous, although they over-
lapped the normally-sized RSV particles (Fig. 7A). In contrast,
infectious EIAV particles produced from equine dermal cells
were homogeneous and beautifully sedimented one to two
fractions more slowly than authentic RSV virions (panel B).
These results raise the possibility that there is a cell-specific
factor that contributes to the regulation of EIAV size or that
an EIAV component other than Gag influences particle size.
Further experiments will be required to distinguish between
these two possibilities.

When the p9 sequence and its associated L domain were
deleted from EIAV Gag (EG.p9—), large particles were re-
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EG.p9- VI T 77728717 e
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FIG. 6. Wild-type and chimeric forms of the EIAV Gag protein. The Gag protein of EIAV is illustrated at the top with the names of its cleavage products (MA,
CA, SP, NC, and p9). Numbers below the Gag molecules refer to amino acid residues. Foreign sequences from RSV, HIV, and Src are indicated.

leased (panel C) in a manner similar to what we have observed
with HIV p6 deletion mutants. When the HIV p6 sequence
was inserted in place of the p9 sequence (EG.p6), the released
particles were once again rather uniform in size but slightly
smaller than RSV particles (panel D). This provides further
evidence that the p6 sequence has an important role in con-
straining particle size and can exert this function in a heterol-
ogous system.

To examine whether p9 might be able to control the size of
an oncoviral Gag protein in a manner similar to that reported
for p6 (8), RSV-EIAV chimeric Gag proteins were analyzed. A
RSV capsid deletion mutant which produces heterogeneous-
ly-sized particles (Myr1.R-3J [39]) is shown for comparison
in Fig. 7E. Placement of C-terminal sequences from EIAV
Gag onto the C terminus of such an RSV capsid mutant was
suffiient to restore the production of homogeneously-sized
particles (REL.T10C, panel G), just as the C-terminal se-
quences of HIV did (RHE.T10C, panel F). This result sug-
gests that size determinants of EIAV Gag are indeed con-
tained within its C-terminal sequences. The importance of
the p9 sequence in determining particle size is emphasized
by chimera RHE.p9.T10C (Fig. 6), a RHE.T10C construct
that contains the p9 sequence in place of p6. As predicted,
RHE.p9.T10C particles were found to be homogeneous (panel
H). Based on our limited studies of the EIAV Gag protein, its
size determinants appear to be arranged similarly to those of
HIV.

DISCUSSION

In this report, we have demonstrated that three very differ-
ent retroviral L domains act as major determinants of particle
size, at least in the context of HIV Gag. The substitution of the
HIV p6 sequence with the RSV p2b or EIAV p9 sequences
and their associated L domains was sufficient to restore normal

sedimentation properties to HIV-1 particles. We chose the
sucrose gradient approach rather than EM methods to analyze
particle size. The advantages of gradient sedimentation include
the display of the entire population of particles and the stan-
dardization provided by internal markers. However, the prin-
cipal disadvantage of this technique is that variations in sedi-
mentation rate do not allow easy calculation of the actual size
of the particles. Therefore, it will be interesting to analyze the
particles produced by the different deletion mutants by EM in
an attempt to determine their exact size and morphology.
However, our transient expression systems make EM analyses
difficult because most of the cells in the transfected cultures do
not express Gag.

Our data suggest that the HIV-1 Gag protein can participate
in two very different mechanisms of budding. One requires the
L domain but not the capsid and results in the production of
normally-sized particles. The second mechanism is indepen-
dent of the L domain and seems to be driven by CA-SP1 but
can produce only very large particles.

How do retroviral L domains influence particle size? Al-
though we do not yet understand how L domains orchestrate
the release of normal-sized particles, we favor the idea that
they recruit host proteins to the site of budding for mediating
the separation of the virus from the cell. The L domain might
be directly or indirectly recognized near or within the neck of
the stalk by cellular proteins, thereby creating the molecular
machinery needed for the release of a normal-sized particle
from the plasma membrane. This model is in agreement with
the finding that the Y-X-X-L sequence in the L domain of
EIAV interacts in vitro and in vivo with the cellular AP-50
medium chain subunit of the plasma membrane AP-2 complex
(29), which in uninfected cells mediates endocytosis (22). In
the case of RSV, the P-P-P-P-Y motif in its L domain has been
shown to bind to the WW domain of Yes-associated protein
(Yap) in vitro (7). Although putative cellular proteins involved

FIG. 5. Heterologous L domains restore particle release and normal size to HIV Gag mutants. COS-1 cells were transfected with the indicated DNAs and labeled with
[3>S]methionine for 5 h. After the labeling period, particle sizes were analyzed as described in Materials and Methods. Arrows indicate the direction of sedimentation.
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FIG. 7. Distribution of wild-type and recombinant EIAV Gag particles in rate-zonal gradients. COS-1 cells were transfected with the indicated deletion mutants
DNAs and labeled with [>*S]methionine for 5 h. After the labeling period, particle sizes were analyzed as described in Materials and Methods. Arrows indicate the

direction of sedimentation.
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in budding have not yet been identified for RSV, several stud-
ies suggest that cytoskeletal proteins (actin and myosin) might
participate in HIV-1 particle release (23, 26, 32, 35). More-
over, a recent study has shown that HIV virions incorporate
ubiquitin and that a small amount of p6°“ is covalently at-
tached to single ubiquitin molecules inside HIV-1 virions (24).
Free ubiquitin has also been detected in murine leukemia
virus, simian immunodeficiency virus, and RSV virions (24,
30). These observations, coupled with the fact that several
cytoskeletal proteins as well as members of the microtubule
network are conjugated to single ubiquitin molecules (1, 4, 21),
suggest that the presence of ubiquitin into released HIV-1 viri-
ons might be the result of an interaction between viral struc-
tural proteins and a monoubiquitinated cytoskeletal protein
during assembly and/or budding. Interestingly, monoubiquiti-
nation is believed to be a signal for plasma membrane receptor
internalization (13). Therefore, the identification of cellular
proteins that interact specifically with different L domains may
lead to a better understanding of the mechanism by which
these domains define particle size.

What happens in the absence of L domains? In the case of
RSV and EIAV, when L is nonfunctional, virus particles ac-
cumulate at the cell surface but fail to be released (25, 28, 40).
With regard to HIV-1, multiple lines of evidence prove that p6
contains a late budding function (11, 25), although this activity
appears to be influenced by PR (14). More recently, it has been
found that p6-deleted Gag particles are extremely large in size
(8), suggesting that a mechanism of release independent of the
L domain can take place. When p6 and its associated L domain
(and any cellular proteins normally involved in virus-cell sep-
aration) are absent, the particles grow very large, perhaps as a
result of many nascent particles coalescing. Unexpectedly, our
results indicate that the CA-SP sequence is absolutely required
for this and may drive the release of these large particles. That
is, all of the CA and SP1 deletion mutants were defective for
particle release in the absence of p6. Perhaps the rigid struc-
ture created by the interactions among the intact CA-SP se-
quences stabilizes the nascent particle long enough so that a
less efficient or alternative mechanism of membrane separa-
tion can occur (one not dependent on the L domain of p6).
Although in our study we were unable to map an L domain-like
sequence in the capsid, it may be that deletions throughout CA
alter its overall conformation and hence prevent such a se-
quence from being properly presented. Further experiments
are necessary to test these hypotheses.

Lentiviruses and oncoviruses have different size-controlling
elements. Our results show that the size determinants of on-
coviruses (RSV) and lentiviruses (HIV-1 and EIAV) are lo-
cated at very different positions within Gag and raise the pos-
sibility that they work through different mechanisms. Data
obtained with the EIAV chimeras indicate that the size-con-
trolling elements, like those of HIV-1, are contained within the
C-terminal sequences of Gag, and especially within the p9
sequence. Unexpectedly, we also found that EIAV Gag parti-
cles produced from COS cells were relatively heterogeneous
compared to infectious EIAV particles produced from equine
cells. This suggests the possibility that EIAV Gag is better
adapted to host proteins present in equine cells than simian
cells.

In conclusion, we have identified a novel function of the
retroviral L domain. While further experiments are necessary
to understand the mechanisms used by these domains to con-
strain the size of an emerging particle, these results indicate
that this function of L domain is conserved among retroviruses.
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