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Identification of a Region in the Pr559%9-Polyprotein Essential for HIV-1 Particle Formation
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The pr&5%% polyprotein of HIV-1 plays a criticat role in the formation of immature virus particles in the cell and during
the budding process. We investigated the influence of amino acid substitutions in the p24CA- region of the gag
polyprotein on the viral assembly process. Deletion of the amino acids 341-352 in the carboxy terminal part of the
p24CA resulted in a loss of the capacity of the gag polyprotein to form virus-like particles when expressed in eucaryotic
cells by recombinant vaccinia virus. In further experiments it turned out that the amino acids 341-346 and 350-352 are
important for the ability of the pr55% to form virus-like particles. Because these stretches are conserved among HIV-1,
HIV-2, SIV, and FIV, we conclude that these amino acids form a domain highly important for the assembly of these

lentiviruses. @ 1993 Academic Press, Inc.

The assembly process of HIV-1 is a complex multi-
step process that is so far not well understood. The
known elements required for particle formation are lo-
calized in the major structural precursor protein prb59%9
of the virug. This polyprotein which is myristoylated
cotranslationally at the aminoterminus comprises the
p17MA, the p24CA, the p7NC, the p6LI, and two small
proteins p2 and pl1 (7-4). The pr669% maolecules are
synthesized on free ribosomes and accumulate at the
inner side of the plasma membrane where they form
the immature viral particle that is released from the cell
by budding. Afterward, the gag proteins of the mature
viral particle are formed by the activated viral protease
in a processing reaction {3). Several regions of the pro-
tein active in the assembly process have been identi-
fied so far. In previous experiments it was shown that
myristoylation is essential for targeting the precursor
protein to the plasma membrane (5). A zinc-finger do-
main tocated in the p7NC is responsible for the interac-
tion with the RNA genome and its packaging into the
particle (6). The p6Ll seems to be necessary for the
closure of the particle during the budding process (7,
8). Experiments with carboxy terminally truncated
pro6%% polyproteins expressed by different transient
expression gystems in eucaryotic cells confirmed the
role of the p15 region in the process of viral particle
assembly (g, 10).

Furthermore protein—protein interactions have bean
estimated to be essential for accumulation of the
pr559% molecules at the plasma membrane and initial
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budding events. We investigated the effect of muta-
tions in the p24CA possibly involved in mediating such
interactions as shown in previaus experiments (Niedrig
et al., manuscript in preparation). Here peptides corre-
sponding to amino acids 340-353 of the prb59% specif-
ically inhibited the formation and release of infectious
viral particles. One hypothesis for this inhibitory activity
is that alterations in the density of the accumulated
prb59% polyprotein molecules result inincorrect forma-
tion of budding structures, followed by a block in late
steps of viral maturation. To investigate the role of that
region in the assembly process, we decided to ex-
change the p24CA-specific amino acids for alanine
and expressed the resulting mutant proteins in eucary-
otic cells by recombinant vaccinia viruses {Fig. 1). In
the absence of env proteins or the viral enzymes, the
gag proteins of HIV-1 are known to form retroviral core-
like particles in a manner very similar to the viral assem-
bly process when expressed in eucaryotic cells (5,
§-117). The influence of alterations in the amino acid
sequence on that process should provide information
about residues with side chains critical for the budding
process. Additionally a mutant protein was created
with a complete deletion of aming acids 340-350
{Fig. 1).

For this purpose the &'-region from nucleotide —6 to
+1004 and the 3-region from nucleotide +1065 to
+1651 of the gag protein coding sequence of HIV-1
strain BH102 (712} were separately amplified in a PCR.
Thereby a BamH| site was introduced &' of the ATG
codon and 87 and Xhol sites were introduced at the
3-end of the amplified DNA of the 5-region. In the 3-
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particle formatien

340 352 gradient EM
wild-type ALGP  AATLEEMMTACQG VG + +
prs5Gag/1 ALGP  AAAAEEMMTACQG VG

pr55Gag/4 ALGP

AATLAAAMTACQG VG

prssGag/? ALGP  AATLEEMAAACQG VG + +
pr55Gagi0  ALGP  AATLEEMMTAAAA VG + altered
prs5Gag/D ALGP  cremeemmeee s QG VG

Fig. 1. Aminc acid sequences of wild-type and mutant pr&59% in the investigated p24 region. The amino acids 341 to 352 were exchanged in
tripletts for alanine or residues 340 to 350 were completely deleted. The mutations were generated as described in the text. The capacity to form
core-like particles was assayed by sucrose gradient centrifugation and electron microscopy (EM). +, particles detected; —, no particle formation.

In p55Gag/10 the morphcology of the particles was altered.

part Xhol and Smal sites were generated at the 5-end
and a Sall/Hincll site atthe 3-end. The 5-fragment was
ingerted into the plasmid plin8p55VIII-B4 after diges-
tion with BamHI and Xhol (plasmid plin8p55/9; all en-
zymes were purchased from Baehringer-Mannheim,
Mannheim, Germany). Subsequently the 3-fragment
was inserted into this plasmid via the Xhol and Hincll
sites to give plinBpb5-V. This plasmid contains the
pro5h9® sequence in which the amino acids 335 to 354
are replaced by residues L and E. Synthetic oligonucle-
otides were inserted in the Bfrl/Smal-digested plasmid
plinBpb5-V to give the mutant pr55%% sequences
plin8pb5s/1, plinBpbb/4, plin8pb5b/7, and plinBpb5/10
coding for the mutant proteins pb5Gag/1, pb5Gag/4,
p56Gag/7, and pb5Gag/10. In these mutants the
amino acids 341-343 (pbhGag/1), 344-346 (p55Gag/
4), 347-349 (pb55Gag/7}, and 350-352 (ph5Gag/10)
were substituted by alanine (Fig. 1}). All constructs
were verified by DNA sequencing using the dideoxynu-
cleotide method. Alanine is probably the most neutral
substitute and is not expected to induce major struc-
tural effects by itself. This is due to its small size and
the lack of functionally active side chains. In the plas-
mid plin8p55/D the amino acids 340 to 350 were de-
leted. The mutant prb59%¥coding sequences were in-
serted in the vaccinia virus transfervector pAVBII (713).
Recombinant vaccinia viruses were obtained by trans-
fection/infection as described by Mackett {74). Briefly,
HAT-selected thymidine kinase-positive vaccinia virus
strain v T was used to infect 143B cells. The infected
cells were cotransfected with 2 g of the vaccinia virus
transfer vector DNA and screened for recombinant vi-
ruses by BrdU selection. From all constructs proteins
were expressed at comparable levels of about 60-140
pg of pr559# per 107 celis as quantitied by a commer-
cial p24 capture assay (Abbott, Wiesbaden, Germany).
Alt mutants expressed a gag protein of the apprapriate
molecular weight as shown by Western blot analysis.
As control a vaccinia virus expressing the HIV protease

fused in-frame with the pr55 was included. This allows
the identitication of possible cleavage products of the
mutant proteins in addition to the complete pr559%9. No
degradational patterns comparable with the authentic
processed forms were observed. The mutant proteins
differed only slightly in their electropharetic mebility
due to different losses of molecular weight. Only
pbbGag/4 and pbbGag/D reproducibly showed a
stronger shift in electrophoretic mobility (Fig. 2). In the
case of pbhGag/4 this may be caused by the loss of
two negatively ¢charged amino acids in addition to the
decrease in molecular weight.

After two cycles of plaque purification the particle-
forming capacity of the pr559% polyproteins was inves-
tigated by centrifugation on a 10-65% sucrose gra-
dient. SW480 cells (107) were infected with the recom-
binant vaccinia viruses at a m.o.i. of 1. Three to four
days p.i. the supernatants were loaded on gradients
and centrifuged at 220.000 g for 1.5 hr. Vaccinia vi-
ruses expressing a myristaylation-deficient mutant and
the original pr559% were included as controls (Fig. 3A).
Twenty samples of 500 ul were taken frem the top of
the gradient and diluted with water {total volume 1.5
ml), and particular structures were pelleted by centrifu-
gation (Kontron A8.24 rotor, 20.000 rpm, 90 min). The
pellet was lyophylized and resclved in SDS containing
solubilization buffer (according to 748). After separation
on a 17.5% SDS-PAGE gel and transfer to nitrocellu-
lose membranes by Western blotting the prb59% was
detected with the monoclonal antibody 13/5 recogniz-
ing amino acids 133 to 158 and antibody 16/4/2 spe-
cific for amino acids 307-336 of the prb559%9, respec-
tively {76). The mutants pbbGag/7 and p55Gag/10
showed a maximum of antigen in sucrose gradients at
a density around 1.15 to 1.18 g/em?, typical for HIV-1
core-like particles (Fig. 3B) {9, 77, 13). Recombinant
vaccinia virus expressing psbGag/7 produced nearly
twice the amount of antigen as the other mutants when
assayed by a commercial p24 capture assay (data not
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FiG. 2. Expression of the prb59% constructs by recombinant vagc-
cinia viruses. SW480 cells were infected with recombinant vaccinia
viruses, harvested, and separated on a 17.5% SDS-PAGE gel as
described in the text. The expressed proteins were detected with the
gag-specific monoclcnal antibodies 13/5 and 16/4/2 recognizing
epitopes in the p17MA and the p24CA. The mutant proteins differ
slightly in their electrophoretic mobility due to differences in molecu-
lar weight between the alanines and the replaced aminc acids. The
additional loss of two negative-charged residues in pb5Gag/4
causes a greater mobility shift. The apparently reduced molecular
weight of p55Gag/D is explained by the deletion of amino acids 340
350. To identify the native prb59% and putative cleavage products,
an in-frame expression clone of pro%#¢ and the viral protease
{p55GagPRT) were included. The cleavage products of prbg9#?, p41,
and p24/25, respectively, are clearly visible. A nonrecombinant vac-
cinia virus of strain vT T is shown at the right. Positions of the molecu-
lar weight markers are as indicated.

shown), leading to a smear in the gradient due to over-
load with antigen (Fig. 3B). Using the deletion mutant
p55Gag/DD and mutants p55Gag/1 no peak could be
detected. Very small amounts of the mutant pr559%
proteins were frequently present in most gradient frac-
tions from about 1.05 to 1.20 g/cm® of all mutants.
With p55Gag/4, more antigen was occasicnally found
in the gradient at a density of about 1.08 g/cm?®. Ac-
cording to our electron microscopical data this antigen
did not represent virus-like particular structures (data
not shown). Instead it could represent altered forms of
prb5%¥? bound to the membranes and released in vesic-
ular forms during cell lysis by vaccinia virus. Such
structures could also be observed by electron micros-
copy (data not shown). The double band cbserved in
the analysis of ph5Gag/D on Western blots {Fig. 3B)
may indicate that this protein has become susceptible
1o partial cleavage by cellular proteases. This can be
due to conformational changes of the protein or 1o in-

troduction of a new cleavage site created by the dele-
tion.

Ta confirm the results of the sucrose density centrifu-
gation, we determined the ability of the mutant prb59%
polyproteins to form retroviral core-like particles by ul-
trathin section electronmicroscopy. SW480 cells were
infected with the recombinant vaccinia viruses, as de-
scribed above, harvested 3-5 days p.i. {approximately
B0% lysis), and fixed with 2.5% giutaraldehyde. As
controls uninfected cells or cells infected with a wild-
type prb569% containing vaccinia virus were included.
After staining with uranyl acetate the probes were ex-
amined in the electronmicroscope (Siemens Elmiskop
101 operated at 80 kV). In cells infected with the mu-
tant pb5Gag/7 retrovirat core-like particles could be
easily detected. They showed the typical doughnut-
shaped structure consisting of an electron-dense ring
of gag protein surrcunding an electron lucent lumen in
the particle. No particles were found to be released
from cells expressing pbbGag/1, pH5Gag/4, and
pb5Gag/D as expected frem the prior experiments.
Here, asmiophilic protein complexes accumulated at
the inner side of the plasma membrane probably con-
sisting of mutant prb59% polyproteins (data not shownj.
Vesicular structures could be observed in these prepa-
rations containing such complexes and most likely rep-
resent protein associated with fragments of the plasma
membrane caused by cell lysis by the vaccinia virus. In
cells infected with recombinant vaccinia viruses ex-
pressing phhGag/10, vesicles of a different but defined
shape were frequently found (data not shown). These
vesicles could not be detected in the v1 T-infected con-
trols. Therefore these structures may represent gag
containing particles of a different type. They were
surrounded by a membrane and a protein shell of un-
defined fine structure and contained gsmiophilic pro-
tein complexes in the center. That these complexes
consist of p24CA is very unlikely since no proteolytic
processing takes place as can be teld from the protein
pattern in Western blot analysis of the particies in the
gradient (Fig. 3B). However, none of these structures
showed the characteristic morphology of immature
core-like particies.

In conclusion, we could show that deletion of amino
acids 340-350 or mutation of amino acids 341-3486,
respectively, destroys the capacity of the prob97 to
form retroviral core-like particles. Exchange of amino
acids 350-352 causes an atteration of the assembly
pathway, resulting in particular structures different
from immature core particles.

The observation that the altered pr559% polyproteins
are still synthesized, transported to, and inserted in the
plasma membrane suggests an interruption of the as-
sembly process at a late stage. While in the case of
pbbGag/D an overall conformaticnal effect on the
pro559% structure by the deletion of 11 residues cannot
be excluded, the exchange of single amino acid resi-
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FiG. 3. Investigation of the particle-forming capagity of the mutant proteins by sucrose density centrifugation. The supernatants of the infected
cells were analyzed on the sucrose gradient as described in the text and 20 fractions were collected. {A) Antigenic peaks were gbserved at a
density of about 1,15 10 1.18 g/cm? {fractions 12 + 13) following analysis of the supernatants of cells infected with vaccinia viruses expressing
pbhGag wild-type protein. {B) The antigen-positive fractions reaching from a density of 1.05 to 1.21 gfcm?® after separation on 2 17.5%
SDS~PAGE gel and detection with two gag-specific monoclonal antibodies are shown. Peak farmation was cbserved with p55Gag/7 and
pb5Gag/10 only. The highest tevels of expression were seen with p565Gag/7, leading to an overicad and smear of the gragient. Mutant
ph5Gag/D as well as pb5Gag/1 and pa5Gag/4 (not shown) showed no defined peak.

dues for alanine is likely to represent anly minor struc-
tural alterations and should exert no major effect on the
protein confarmation. There are different possible ex-
planaticns for the observation that the mutated gag
molecules are incapable of wrapping the cell mem-
brane around the core camplex. The CA regions of
retroviral gag proteins have been shown to be impor-
tant for the assembly of these viruses (77-79). The
favored hypothesis is that they mediate the interac-
tiong between the gag molecules during the aggrega-
tion at the inner side of the plasma mambrane {79, 20).
The amino acid alterations may reduce the ability of the
molecules to exert protein—-protein interactions. This
might in turn lead to a lower packaging density at the
membrane. As a result, local physical forces needed to
round up the membrane could be too weak. On the
other hand the mutants could represent flexibility mu-
tants. It has been hypothesized that after initial inser-
tion of the gag proteins into the membrane, conforma-
tional changes may occur, leading to exposure of more
hydrophobic residues on the surface of the protein (20,
21}, Consequently, the proteins gain the ability to wrap
the membrane around the budding complex. It has
heen suggested that this kind of mutant shows a phe-

notype in which the prateins are correctly inserted into
the lipid bilayer but fail to draw it around (20). This corre-
lates with our observations made by analysis of
p55Gag/1 and pb5Gag/4, where no particles could be
observed in the electron microscope and in the su-
crose gradient. If this hypothesis is conferred 1o
p55Gag/10, it seems that conformational changes oc-
cur and particles are still going to be released. But
structural alterations might occur in a different way.
Therefore, amino acids 350 and 351 may not be es-
sential for the budding process itself but for the forma-
tion of correctly structured particles. This function
must not necessarily be exerted later in the assembly
pathway.

The investigated domain containg the amino acid
sequences TLEE {position 342-34%) and CQ (250-
361), representing highly conserved residues not only
between different HIV-1 isolates but also between HiV-
1, HIV-2, SIV, and FIV {22, 23). |n all these viruses the
sequence is located in the carboxy terminal part of the
CA protein (Fig. 4). With respect to the low fidetity of the
retroviral reverse transcriptase (24}, the conservation
of sequence and location indicates a potential similar
function of the investigated region in these lentiviruses.
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340 351
HIV-1 AATLEEMMTACQ

33 342
HIV-2/8IV  NPTLEEMLTACQ

337 348
FIV ESTLEEKLRACG

FiG. 4. Sequence comparison of the carboxy terminal part of the
capsid proteins from HIV-1/2, SIV, and FIV. The sequence
TLEEXXXXCQ is highly conserved in these viruses. The numbers of
the first and last amino acids are given with respect 1o the first codon
of the gag polyprotein of these viruses. Mutations of the amino acids
TLEE (underlined) abolished the capacity of the prb59% of HIV-1 to
form core-like particles {p55Gag/1 and p55Gag/4). Mutation of C and
Qin ph5Gag/10 leads to formation of panicles with a different mor-
phology. Alterations of amino acids 347-349 (p55Gag/7) had no
impact on the assembly process.

As suggested by our data the described domain may
play a role in two different steps of the assembly path-
way. Additionally, an equally located seguence has
been identified in the gag proteins of Rous sarcoma
virus. Wills and co-workers suggested a role for this
domain in mediating protein—protein interactions of the
gag proteins during their accumulation at the plasma
membrane (20). In contrast, the whole CA region of
Moloney murine leukemia virus is sensitive 10 muta-
tions (25). Some authors suggested that the amino ter-
minal part of this region may be maore important in this
virus but it remains unclear because the carboxy termi-
nal substitution made in those experiments was con-
servative regarding the nature of the amino acids. On
the other hand, this specific insertion might have been
located at a less important site (77). We therefore sug-
gest that the carboxy terminal region of the CA proteing
of lentiviruses and C-type retroviruses contains a do-
main that plays an essential role in the agssembly pro-
cess. With respect to therapy of HIV infection, the as-
sembly-defective gag proteins could be useful in nega-
tive complementation attempts in therapy as
previously discussed for the gag protein and the regula-
tory proteing rev and tat (26-28). Further studies to
elucidate the exact functional significance of this de-
main are currently under way.
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