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ABSTRACT. Assembly of retroviruses, including HIV-1, involves movement of newly synthesized viral
proteins and RNA to the plasma membranes of host cells. The major homology region (MHR -aa 285
304), a highly conserved sequence in the capsid domain of the HIV-1 Gag precursor polyprotein, plays
a critical, but unknown, role in infectious particle assembly. Mutations of invariant residues in the sequence
have pleiotropic effects: Mutation of GIn287 blocks viral assembly while mutation of Arg299 permits
assembly, but blocks formation of infectious particles. In this report, we demonstrate that Gag proteins
lacking the entire MHR accumulated in the cytoplasm of transfected COS-1 cells, as did the wild-type
protein, but were processed in a defective manner at the cellular membrane resulting in impaired particle
assembly. To further examine the role of the MHR in membrane association, membrane binding of
unmyristylated recombinant Gag proteins with alterations in the MHR was investigatétfo. The
wild-type Gag precursor bound to acidic phospholipid vesicles highly efficiently, as determined by
fluorescence spectroscopy or velocity sedimentation. In contrast, deletion of the entire MHR reduced
membrane affinity an average of3-fold or greater. Mutation of the invariant GIn287 residue disrupted
membrane affinity~6-fold relative to the wild-type, which was similar to the level of inhibition obtained

by deletion of a membrane-binding signal previously identified in the matrix domain of the Gag precursor.
Mutation of the invariant Arg299 residue reduced the affinity to a lesser extent. The results indicate that
correct membrane binding is determined not only by signals in the MA domain of the precursor but also
by sequences in the CA domain of Gag. We speculate that defects in the highly conserved MHR affect
a Gag conformation that is required for productive interactions at the membrane assembly site.

The human immunodeficiency virus (HIV) is a member presence of 50% trifluoroethanol, although not in a pure
of a large group of animal viruses which are causative agentsaqueous solution (Cliskt al,, 1996). Such a structure, if
of tumors, persistent syndromes, and Iytic infections (Dickson present in the intact protein, could conceivably contribute
et al, 1985). Although they are morphologically, pathologi- to membrane binding or stabilize a protein conformation
cally, and genetically distinct, all members have in common required for assembly on the membrane surface. Defective
three genes that encode the structural components of thesubunit assembly due to altered membrane association could
infecting particle: gag pol, anderw. Thegaggene encodes  account for observed impairments in viral particle formation
a precursor, Gag, whose matrix (MA), capsid (CA), and and release since most mutations in the part of the MHR
nucleocapsid (NC) domains give rise to these portions of sequence that would constitute the helix affect postassembly
the assembled particle. One of the most highly conservedfunctions (Mammanet al, 1994; Craveret al, 1995). In
regions in all retroviral Gag proteins is a stretche20 this report, we demonstrate that deletion of the MHR
amino acids within the CA domain (Wills & Craven, 1991). impaired membrane-associated functions and particle release
This sequence is designated as the major homology regionin transfected COS-1 cells. Moreover, using purified
(MHR). Genetic analyses have demonstrated that mutationsrecombinant Gag protein, we show that mutation of the most
in the MHR, and particularly in the invariant residues of this conserved residues in the MHR also decreased membrane
sequence, alter either the assembly of the virus on the plasmaindingin zitro. Our results suggest that the MHR plays a
membranes of host cells or postassembly events (Cretven critical role, either directly or indirectly, on assembly events
al., 1995; Mammaneet al,, 1994; Strambio de Castillia & at the membrane surface.
Hunter, 1992). The MHR is predicted to form an amphi-
pathic helix (Momanyet al, 1996; see Figure 2 below). MATERIALS AND METHODS
Moreover, it has recently been demonstrated that a peptide
analog of the region adopts arhelical structure in the DNA Constructs The HIV-1 sequence [pBH10 nt 333

2130 (Ratneet al, 1985)] encoding thgag gene and that
, , , part of thepol gene encoding proteinase (PR) was cloned

G&Lkg;gvzotrcl)(év'is.éupported by National Institutes of Health Grant into the pET 3 vector (Studieet al, 1990) for T7 RNA
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The AMHR gaggene (Figure 1) lacked nucleotides 1184
1258, encoded a Gag polyprotein which lacked amino acids
284—308, and contained a new Glu residue (Gaa) at the site
of the deletion (lss—Aazo9).

The point mutations GIn287 to Ala, Glu291 to Ala, and
Arg299 to Ala were constructed by PCR using the pFSlII
plasmid as template. All point mutations were constructed
1259 using two rounds of PCR. The product of the first PCR
reaction, which encoded the point mutation, was used as a
primer for a second PCR reaction. The upstream primer in
the first PCR reaction encoded the desired point mutation.
For the GIn to Ala mutation, the upstream primer in the first
reaction (5GGACATAAGAGCAGGACC3) was identical
e 104 to nucleotides 11821199 with the exception of a CA to
GC change at nucleotides 1192 and 1193. For the Glu to
Ala mutation, the upstream primer in the first reaction
P DasA (5CCAAAAGCACCTTTTAGAG3) was identical to nucle-

otides 1198-1216 with the exception of a A to C change at
nucleotide 1205. For the Arg to Ala mutation, the upstream
primer in the first reaction (8ACTATGTAGACGCGT-
TC3) was identical to nucleotides 1216233 with the
exception of a CG to GC change at nucleotides 1228 and
D25A 1229. The downstream primer for the first PCR reaction
(5GCCGAGCAAGCTTGGG3 was identical for all point
606 mutations constructed. The downstream primer annealed to
C(eraso nucleotides 12491261 and included a #indlll site. The
M nc]] e8] upstream primer in the second PCR reactioGGAAGCTT-
TAGACAAGATAGAGG3') was identical for all point
mutations constructed. The upstream primer annealed to
nucleotides 627649 and included a'Hindlll site. The
products from the first PCR reaction containing the desired
point mutation served as the downstream primers in the
second PCR reaction. The final PCR product and the pFSil|
plasmid were digested witHindlll, and a fragment exchange
was performed. All mutations were then introduced into
gpVI-ATG for mutant Gag polyprotein expression (Figure
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FlGhURE 1: Mutants used forfar;]alysis of rr?embrane bin?ing. A
schematic representation of the parental Gag-PR polyprotein o : : :
precursor is st?own at the top (WT). Oppen boxes rgpreseﬁttﬁg majorl)' A mutant containing a deletion in the _MA domain,
domains of thegag(MA, CA, NC, p6) gene; hatched boxes indicate MAA(17—32), was constructed by PCR using the pFSlI

pol gene domains (p6*, PR) encoded by HIV-1 sequences from plasmid as a template. The upstream priméCEATC-
nucleotides 333 to 2130 of BH10 (Ratrefral, 1985). Numbers GATGGCATATAGTATGGGCAAGCAGGGAGC3 an-
abc;".eti?ﬁe?gx%seirs‘ﬂg:shien;ﬁ']ec‘?ggﬁ] 'OCA"’l‘t“ec;gz g&é}"e‘gﬁgggzror:e%& nealed at nucleotides 43@54 and included an engineered
restric . : . .

amino acids ar>¢/a italicized. Letters beIO\?\/ the boxes indicate IocationsC|aI site (underlined). Th? dOV\_/nstream prlmefrCQGAAC-

of amino acids changed by mutatioh+++ represents the stretch ~ TACTAGTACCC3) was identical to nucleotides 1045

of basic residues in MA involved in membrane binding; MHR, 1060 and included &pé site. The PCR product and the
major homology region; D25A, inactivating mutation in the catalytic pFSIl plasmid were digested wit@lal and Spé, and a

site of PR. All amino acid residues are indicated by the single- fragment exchange was performed. The mutation was then
letter code. subcloned into gpVI-ATG (Figure 1). The M&17—32)

two stop codons placed immediately downstream of the PR gag gene lacked nucleotides 38229 and encoded a Gag
coding region which terminates at nt 2130. The second polyprotein which lacked amino acids 432. For expres-
fragment was derived by PCR and encoded the N-terminal sion in COS cells, DNA that encoded Gag lacking nucle-
region of thegaggene and a'BanHI restriction site. The otides 11841258 AMHR) was subcloned from the pFSli
resulting expression construct, gpVI-ATG (Figure 1), also plasmid into pgp-RRE-r (Smitht al,, 1990) using &pé to
encodes an inactivating mutation in the catalytic site of PR Apd fragment exchange. All mutations were confirmed by
(D25A) introduced by site-directed mutagenesis (Pagtin  sequencing. The Myr- mutant used in these studies was a
al., 1990). TheAMHR mutant was constructed by PCR kind gift of H.-G. Krausslich (Mergeneat al,, 1992). This
using pFSIl plasmid as a template. The upstream primer mutant encoded a4 mutation and also lacked the reverse

Aqr7-32 | ca B [[nc]]ps]

DysA

(5GGAAGCTTTAGACAAGATAGAGG3) was identical
to nucleotides 627649 and included a'#Hindlll site. The
downstream primer (EGGTGAAGCTTCCAGAATGCTG-
GTAGGGC3) annealed at nucleotides 1166183 and

included an engineerddindlll site (underlined). The PCR

product and the pFSllI plasmid were digested witindlll,

transcriptase (RT) and integrase (IN) domains of pioé
gene.

Expression and Purification of Gag Proteinarge-scale
cultures of bacterial cells carrying wild-type or mutated gpVI-
ATG were grown and induced by addition of isopropyb-
thiogalactopyranoside (IPTG) in a 14 L fermenter (Micro

and a fragment exchange with gpVI-ATG was performed. ferm MMF-14) as described (Ehrlicdt al., 1990, 1996). Ten
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grams of cell paste was resuspended in 90 mL of buffer A 15% SDS-PAGE, and electroblotted onto nitrocellulose
(50 mM Tris, pH 7, with 1 mM EDTA) and lysed by French filter paper. HIV-1 Gag proteins were detected by Western
press. The lysate was centrifuged at low speed for 15 min. blotting and enhanced chemiluminescence (Amersham),
The supernate was mixed with crystalline NaCl (to 1 M), using an anti-CAp24 polyclonal antibody raised in rabbits
incubated with rotation at 5C for 60 min, and centrifuged  against purified CA (Ehrlictet al,, 1990).

at 1000@ for 30 min. The supernate fraction was mixed  Transfection and Protein AnalysisCOS-1 cells were
with crystalline ammonium sulfate (to 10% wi/v), incubated seeded in DMEM supplemented with 5% fetal bovine serum
with stirring at 5°C for 60 min, and then centrifuged again. and transfected by the calcium phosphate precipitation
Precipitated proteins were redissolved in 200 mL of buffer method (Graham & van der Eb, 1973). Ten micrograms of
A containing 0.2 M NaCl and loaded on a DEAE-cellulose each plasmid DNA was added per 100 mm dish. Cells were
(DE-52; Whatman) column that had been preequilibrated harvested 48 h after transfection. The medium was removed
with the same buffer. The column was washed stepwise with and cleared by low-speed centrifugation at 16 5 min.
250 mL of buffer A, followed by 250 mL of buffer A- 0.2 An equal volume of 15% poly(ethylene glycol) (PEG) was
M NacCl, and finally with 250 mL of buffer A+ 1 M NacCl. added to the the supernatant fraction, and the mixture was
Proteins in the eluate collected from the latter wash were jncubated overnight at 4C. Precipitable material was
precipitated with ammonium sulfate (20% w/v), pelleted by collected by centrifugation at 25@r 20 min and the pellet
centrifugation at 100a9for 60 min, and redissolved in 10  resuspended in phosphate-buffered saline (PBS). To prepare
mL of buffer A+ 1 M NaCl. Typical yields were-60 mg  cytoplasmic and membrane-enriched fractions, the cells were
of Gag-related protein/10 g of cell paste. This final solution \yashed with PBS, scraped from the plate, resuspended in
contained Gag precursor proteins purified ©0—85%  puffer containing 10 mM Tris, 10 mM NaCl, and 1.5 mM
homogeneity. MgCl,, pH 7.4, and subjected to three cycles of freeze
Analysis of ProteirrLipid Binding by Fluorescence Spec- thawing. Following centrifugation at 2@0for 10 min to
troscopy. Large unilamellar vesicles (LUVs) were prepared remove cell debris and nuclei, the supernatant (cytoplasmic
by rehydrating the negatively charged phospholipid 1-palmi- fraction) was separated from the pellet (membrane-enriched
toyl-2-oleoylphosphatidylserine (POPS) in 40 mM HEPES fraction) by centrifugation at 300@dor 5 min. Membrane-
buffer containing 0.5 M NaCl. LUVs were produced by containing samples and cytoplasmic fractions were resus-
extrusion through polycarbonate filters as described by Hope pended in SDSPAGE buffer and boiled for 3 min. Proteins
et al. (1985). Sucrose-loaded LUVs were prepared by were separated by 12.5% SBBAGE and were detected
rehydrating the lipid in buffer containing 0.19 M sucrose py Western blotting using anti-p24 polyclonal rabbit anti-

prior to.extrusion. Fluorescence measurements Were peryody, followed by alkaline phosphatase-conjugated goat anti-
formed in an ISS-K2 fluorometer (ISS, Inc., Champaign, IL) rapbit antibody.

using microcuvettes with a path length of 3 mm. Aliquots

of POPS LUV solution (from a 200 mM stock) were added RESULTS

to 100 uL of protein (0.1 mg/mL), and the intrinsic

fluorescence was monitored by exciting proteirtJV Membrane Binding of Gag and MHR-Deleted Gag Polypro-

mixtures at 280 nm and scanning the emission from 310 to teins in Transfected COS-1 CellsThe major homology

420 nm. Spectra were corrected for control samples thatregion (MHR) is one of the most conserved regions in

contained lipids but no protein, and then for dilution. retroviral Gag proteins (Wills & Craven, 1991). The region
Quantitative comparison of membrane affinities was is conserved with respect to both position within the Gag

obtained by calculating the concentration of free and bound Protein and amino acid sequence. Figure 2 (top) shows the

protein from initial and final values of the emitted fluores- conservation of the MHR sequences for several representative

cence for each titration. An apparent partition coefficient, subgroups in the Retroviridae family. In HIV-1 Gag, the

Kapp was determined from the equation: region extends from residues 285 to 304 and shai23—
100% identity with the homologous region in other retro-
Kapp: (IP1Y/ILD/IP]; viruses. Three residues within the region are absolutely

invariant in the family (arrows, Figure 2). Mutation of these
where Ky, is defined as the mole fraction of membrane- amino acids blocks assembly of infectious virions (Craven
bound protein ([R}’[L]) divided by the concentration of free et aI., 1995; Mammanat al., 1994; Strambio de Castillia
protein, [P]. [P], is the concentration of membrane-bound & Hunter, 1992). The residues in the distal portion of the
protein, and [L] is the lipid concentratiorK,,,values were ~ MHR can be modeled to form an amphipathic helix (Figure
determined from a hyperbolic fit of the fluorescence data 2. bottom; Clishet al, 1996) which presents polar and
using Sigma Plot (Jandel Scientific Corp.). Membrane hydrophobic/aromatic residues on different faces. We have
association was not reversible over 60 min when monitored found that peptides encompassing this region bind to model
by the addition of a large excess of fluorescently-labeled membranes with high affinity (Ebbets-Reed al., unpub-
vesicles [see Ehrlicet al. (1996)]. lished results).

Analysis of Proteir-Lipid Binding by Sedimentation. To determine the role of the MHR in the interaction of
Protein (0.2 mg/mL) was mixed with sucrose-loaded LUVs Gag precursors with cellular membranes, a Gag polyprotein
(100 uM) or buffer for 5 min. The mixture was then from which the MHR sequence was deleted was constructed
centrifuged at 30 000 rpm for 45 min at 2% in an in pgp-RRE-r, a plasmid that expresses the HIV-1 Gag and
ultracentrifuge (Beckman, TLA 45 rotor) to pellet LUVs and Gag-Pol polyproteins (Smitat al,, 1990). Transient coex-
bound proteins. The supernatant fraction was transferred topression of pgp-RRE-r and pCMkév in COS-1 cells results
a new tube, and the pelleted fraction was resuspended inin the synthesis, processing, and assembly of virus-like
fresh buffer. Aliquots of each fraction were separated by particles (Mergeneet al, 1992; Smithet al., 1990). The
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MMTV KQG 3 R v 30 FiIGURE 3: Transient expression of wild-type and MHR-deleted Gag
proteins in COS-1 cells. Cytoplasmic, crude membrane, and
E particulate fractions were prepared from transfected cells as
3 F ’ described under Materials and Methods and analyzed for viral
\Ix» Y e protein composition by Western blotting and polyacrylamide gel
v § e electrophoresis. Molecular size markers are indicated on the left.
- N F # R Panel A, cytoplasmic extract; panel B, crude membrane fraction;
v-\AA v F 5 444 panel C, particulate material in media. Lanes 1, transfection with
RN ° - plasmid expressingev alone; lanes 2, transfection with plasmid
- expressing wild-type Gag/Gag-Pol; lanesA3HR Gag; lanes 4,
. AMyr Gag.
kiinlYYY[zo 3037 SSqaTaa
» « membrane-enriched, and media fractions prepared from cells
<4 . . .
o7 0 oy transfected with the wild-type all contained the Pr55gag
.e° L K °, e precursor, a MA-CA processing intermediate (p41), and
< .
L K ° mature CA protein (p24) (panels A, B, and C, lane 2).
” s % Similar results have been reported previously (Kaplan &
n i .
€ t °. Swanstrom, 1991; Mergenet al,, 1992; Smithet al,, 1990).
K

The cytoplasmic fraction prepared from cells transfected with
AMHR Gag resembled the wild-type pattern (panel A, lane
(MHR) in members of the Retroviridae. Amino acid sequences from 3); however, the membrane-enriched and the media fractions
the CA proteins of five subgroups (lenti, HTLV-BLV, type D, type ~ were different. In contrast to the wild-type, only small
C, type B) in the Retroviridae family are aligned. Gaps indicate_amounts of Gag protein processing intermediates were
nonconserved residues. The viruses shown for types B, C, and Dygtected in the membrane-enriched fraction (panel B, lane
are the prototypes. The arrows above the residues denote invarian . . .
residues. The degree of identity to the HIV-1 sequence shown is ), and very little was detected in releaseq partlcl_es (pgnel
indicated on the right. The HIV-1 sequence shown represents C, lane 3). A mutant that lacked the N-terminal myristylation
residues 285304 of pBH10 (Ratneet al, 1985) Gag. SIV, simian ~ signal that facilitates membrane binding (Mergesenl,
:mcli%%iegﬁfrﬂfgvivriﬂ?(i t():\g%er\/s?\ts Aal'{/ islr?:(\)/?r;usl(%\i/d )?%Upi\féev 1992) was examined in parallel. In the cytoplasm, the Gag
caprine arthritis-encephalitis virus (ibid.); HTLV-1, humein T-ceII’ polyprotein synthesized by this mutant was proteolytically
leukemia virus, type 1 (Maliket al, 1988); BLV, bovine leukemia ~ Processed to p41, p25, and p24, as expected (panel A, lane
virus (Sagatat al, 1985); FeLV, feline leukemia virus (Laprevotte ~ 4), since the HIV PR is active both within cellular compart-
et al, 1984); MMTV, mouse mammary tumor virus (Moceeal., ments and within viral particles (Kaplan & Swanstrom,
1937)2 MF’l\/'VvZM%SO\I;rFI;ﬁZGF monkey virus (Strar\]mbio (Ije1Casti!Iia 1991). Also as expected (Mergeradral, 1992), relatively
B o g corcom U Scruatia. 1053 ke My Gag precursor or cleavage products accumulated
(Bottom) Representation of the retroviral MHR as an amphipathic In the membrane fraction (panel B, lane 4), and neither
helix. The location of HIV-1 residues 293804 in the predicted ~ immature nor mature particle formation was detected in the
o i, S hAuSne i e Slow o e s banel C ane &) Thus, e phenotye ottt
o , : : ; . - -
e poatn T 2 SU. LAV UL ey sy TSI espect o socumuaton etprocessng hierned
Mo-MLV. Capital letters indicate identical residues or conservative - i .
amino acid substitutions. was very similar to that exhibited by a Gag mutant lacking
a known membrane-binding signal.
rev gene encodes Rev, a regulatory viral protein required Reverse transcriptase (RT) is a virally-encoded enzyme
for cytoplasmic expression of Gag and Gag-Pol messengerthat is required for viral gene expression early in the
RNAs (Smithet al, 1990). Forty-eight hours after trans- replication cycle (Dicksonet al, 1985). In order to
fection of plasmids that express wild-type and MHR-deleted approximate the reduction in viral particle formation due to
Gag proteins, a cytoplasmic extract, a membrane-enricheddeletion of the MHR, the particles released from cells
fraction, and PEG-precipitable material from the media of expressing the wild-type or the mutatggg gene were
comparable cell cultures<10’ cells) were prepared. The examined for RT activity. In the experiment shown in Figure
protein composition of samples from cells expressing wild- 3, the wild-type particles released into the media possessed
type and mutated polyproteins was analyzed by polyacryl- 60 units of RT activity, while only 21 units of activity were
amide gel electrophoresis followed by Western blotting with detected in media from cells transfected witiMHR gag
polyclonal antiserum against CA protein (Figure 3). (Table 1). Since comparable amounts of wild-type and
No specific signal was detected in cells transfected with mutated Gag-related proteins were detected in the cytoplasm
rev DNA alone (panels A, B, and C, lane 1). Cytoplasmic, (panel A), the results suggest that deletion of the MHR

Ficure 2: (Top) Conservation of the major homology region
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proteinase (PR), or by chemical cross-linking analyses, the

Table 1: Particle-Associated Reverse Transcriptase ? . ) .
recombinant Gag protein appeared to be structurally identical

sample % Comro_l to the native protein (data not shown).
AMV RT 100 (2.63 units) Membrane vesicles were prepared with the 1-palmitoyl-
"W"::g:gggi 53 63 2-oleoyl ester of the negatively charged phospholipid phos-
AMHR — Rev 0 phatidylserine (POPS) based on previous demonstrations of
AMHR + Rev 21 efficient Gag binding to acidic phospholipi@szitro (Zhou

aThe particulate material in the media from comparable cell cultures €t al, 1994; Ehrlichet al, 1996). Membrane association

was precipitated with PEG as described under Materials and Methodswas assayed using a sedimentation method developed by

and used to assay reverse transcriptase activity. Activity was assayedRepecchi and co-workers (Rebecettial., 1992) in which

as described by Susukt al. (1993). AMV RT (avian myoblastosis  |5:qe ynilamellar vesicles (LUVs) loaded with sucrose (0.19

virus reverse transcriptase, Boehringer Mannheim) is a commercial M d h b b he hiah d .

preparation of enzyme used as a standard. ) were used as the mem ran? Sg Strfate' The hig X ensity
of the entrapped sucrose permits isolation of the vesicles by
sedimentation. Proteins bound to the membrane will sedi-
ment with the vesicles and be effectively removed from the

- — = “ = supernatant. This assay, in which the membrane-bound
u — -_ proteins are sedimented by ultracentrifugation, is similar to
assays previously described by others for analysis of
membrane binding oin vitro translated proteins (Platt &
Haffar, 1994; Zhouet al, 1994). To assess high-affinity
1 2 3 4 5 6 7 8 9 10 binding and to ensure Gag solubility, the binding of Gag
FiIGURE 4: Binding of Gag to sucrose-loaded lipid vesicles as was examined using high ionic strength buffer (0.5 M NacCl)
measured by sedimentation. Lanessl Gag. Lanes610: AMHR which will destabilize weak electrostatic interactions. Under

Gag. Gag (lane 1) anMHR Gag (lane 6) were mixed with buffer  these conditions, Gag membrane binding is principally driven

(lanes 2, 3 and and 7, 8, respectively) or sucrose-loaded POP : : :
LUVs (lanes 4, 5 and lanes 9, 10, respectively). Samples weresny interactions through the MA and CA domains together

centrifuged at 30 000 rpm for 45 min in a Beckman TLA 45 rotor With little contribution from the NC region. This was
and separated into supernatant and pellet fractions. Lanes 2 and 4/lemonstrated (1) by efficient binding under these conditions

are supernatant fractions of Gag samples recovered after mixingof MA-CA but not MA or CA alone (Ehrlichet al 1996 and
with buffer (lane 2) or LUVs (lane 4). Lanes 7 and 9 are supernatant (2) by the observation that all of the proteins in the Gag

fractions of theAMHR Gag obtained after mixing with buffer (lane . .
7) or LUVs (lane 9). Lanes 3 and 5 are pellet fractions of Gag preparation were bound, whether or not the proteins con-

samples recovered after mixing with buffer (lane 3) or LUVs (lane tained the C-terminus (Figure 4, lane 5).
5). Lanes 8 and 10 are pellet fractions obtained after miANHR The membrane binding of comparable amounts of the

Gag with buffer (lane 8) or LUVs (lane 10). The samples were wild-type andAMHR Gag proteins was examined. In the
analyzed in SDSpolyacrylamide gels. Proteins were detected by absence of added LUVs, the wild-type andHR Gag
Western blotting using anti-p24 antibody. - . - ' . .
proteins remained in the supernatant fractions (Figure 4, lanes

reduced the efficiency of productive membrane-associated2 and 7, respectively) and did not pellet (lanes 3 and 8).
assembly events. Following addition of the sucrose-loaded LUVs, the wild-

Membrane Association of Gag Proteins As Determined type proteins were recovered quantitatively in the pellet
by Sedimentation.To directly test the hypothesis that fraction (supernatant, lane 4; pellet, lane 5). In contrast, the
deletion of the MHR altered Gagmembrane association, AMHR Gag remained in the supernatant fraction (super-
we examined membrane binding in am vitro system. natant, lane 9; pellet, lane 10). These results indicated that
Recombinant Gag proteins were expressdl. icoli, purified deletion of the MHR impaired the intrinsic membrane affinity
to ~95% homogeneity, and tested for membrane bindting  of the Gag protein, and support the conclusion that the MHR
vitro, using model membranes made with acidic phospho- sequence plays a role in membrane association.
lipids as described below. To obtain HIV-1 Gag protein for ~ Membrane Partitioning of Wild-Type Gag and Mutated
membrane-binding studies, we constructed plasmid gpV1- Gag Proteins to POPS Bilayers As Determined by Quenching
ATG (Materials and Methods). This construct provides of Intrinsic Fluorescence.Previous studies indicated that
primarily Gag precursor polyprotein (Pr55) and truncated the membrane-binding assay based on cosedimentation with
Gag-Pol precursor protein (Gag-PR), expressed & of sucrose-loaded vesicles is unreliable because (1) leakage of
the level of Gag due to ribosomal frameshifting. Expression sucrose leads to inefficient pelleting of vesicles, (2) vesicles
of this construct irE. coliBL21(DE3) and purification using ~ may rupture upon protein insertion, and (3) antibodies often
a nondenaturing protocol produced a protein preparation thatfail to recognize the membrane-bound protein fraction
contained the full-length Gag precursor polyprotein and three (Ehrlich et al, 1996). To determine the decrease in
truncated forms of the protein (Figure 4, lane 1). All protein membrane affinity caused by mutation of the MHR, mem-
bands were recognized by antibodies directed at the T7 leadebrane partitioning was measured using fluorescence spec-
sequence present at the N-terminus and at MA and CAtroscopy. TheKgy, coefficients were derived in several
sequences (data not shown). The slowest migrating bandindependent experiments & 3) by relating the increase in
also was recognized by monoclonal antibody to the C- fluorescence quenching to the amount of free and bound
terminal portion of the p6 domain in Gag, identifying this protein and then fitting the normalized change in fluorescence
band as full-length Gag polyprotein. The shorter proteins intensity to a simple binding curve (i.e., a hyperbolic curve),
apparently resulted from C-terminal truncation of the full- whereKay, is the midpoint of the curve.
length protein. As determined by epitope accessibility, by  As shown in Figure 5 and Table 2, recombinant unmyri-
limited proteolysis with trypsin and the virally-encoded stylated HIV-1 Gag exhibited &,pp of 3.4 uM when
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— T T T T T products in the preparation. In a parallel study, energy
transfer from tryptophan residues in tA&#MHR Gag protein
10} . to an acceptor probe embedded in the membrane surface
[laurodan, 6-dodecanyl-2-(dimethylamino)naphthalene] was
detected and gave a binding constant of 22 &uM (energy
transfer distance= 22 A). As this value is consistent with
the results obtained by intrinsic fluorescence (shown in Table
2), we conclude that the deletion weakened, but did not
completely prevent, membrane association. Single amino
08 1 acid substitutions of Ala for the GIn287 or Glu291 invariant
wt Gag residues reduced the affinity to a greater extent, while the
Arg299Ala mutation had less of an effect than the Glu291Ala
07 . or the GIn287Ala mutations. Significantly, these results are
directly commensurate with the effect of these mutations on
0 25 50 75 100 125 150 175 200 morphogenesig; vivo (Mammanoet _aI., 1992),_where the
[POPS] uM Glu291Ala and _the GIn287A_Ia mutations impaired assembly
more than deletion of the entire MHR sequence. As expected
FIGURE 5: '”Creats)es in g@oé_esce”ﬁe quenching of Gagmk’]“m"R ¢ 1o ased on the observedyy, values, the Gag mutants that
B O o, o L erelind o 1 exibite reduce bincing affiniies n the fluorescence assay
as fractional quenching or the change in intensity over its initial @ISO failed to sediment with sucrose-loaded LUVs in the
value. Samples were excited at 280 nm, and scanned for emissionsedimentation assay (data not shown). The results of these
from 310 to 420 nm. The symbols represent averages of3 studies indicate that the MHR is a significant determinant
measurements (closed circles, wild-type Gag; closed squares,f Gag binding activity in thisn vitro assay, and support

09 AMHR Gag 1
Fl

[ | | 1 1 | | |

AMHR Gag). the results of the sedimentation and transfection assays.
Table 2: Partition Coefficients of Wild-Type amiiMHR Gag DISCUSSION
Precursors . . . ) .
otein membrane binding afinityeo 2V)? Studies with several retroviruses, using recombinant DNA
. P g Y¥eon 1 techniques, have shown that expression of the Gag precursor
wild-type Gag azéﬁ 8-26 alone can result in production of budding particles (Del-
11414 chambreet al, 1989; Huet al, 1990; Lee & Linial, 1994
EIAV Gag 37411 Luo et al, 1990; Monkawa_efc al, 199;). The matrix (MA)
domain of Gag plays a critical role in this process (Byrant
AMHR 1203 & Ratner, 1990; Delchambret al, 1989; Facket al, 1993;
105+ 1.8 Freedet al, 1994; Gheysemt al, 1989; Hayakawat al,
8.7+£6.0 1992; Huet al,, 1990; Jacobst al, 1989; Palet al., 1990;
MAA17—32 19.0+ 4.0 Reinet al,, 1986; Spearmaet al., 1994; Wagneet al., 1992;
Gin 287Ala 16.0£ 0.9 Weaver & Panga_niban, 1990_; Zhetial, 1994). In the case
22 0+ 8.0 of HIV-1, the first 31 residues of Gag can function
Glu291Ala 15.0+ 3.0 independently as a membrane-targeting domain when fused
15.14+ 2.3 to heterologous proteins (Zhat al, 1994). This domain
Arg299Ala 8.8+ 6.0 contains a bipartite motif. One part of the signal consists
12.7+0.8 of the myristylated N-terminus and the following 14 amino
@ Kapp values were determined as described under Materials and €idS. Particle formation can occur even in the absence of
Methods. the entire MA domain if the myristylation signal is main-

tained (Lee & Linial, 1994). The second part contains a
averaged from at least three independent trials. A compa-highly basic region which may interact with acidic phos-
rable value was obtained for EIAV Gag, a protein which is pholipids. Residues in the basic domain that have a
naturally unmyristylated and which was expressed and significant effect on particle release (Freed, 1994) cluster
purified in a similar manner. Both values are within the around an extruded loop in MA trimers and could constitute
range of affinities observed for peripheral membrane binding a membrane binding surface (Massigthal., 1994; Hill et
proteins (Parola, 1993; Rebecdétial, 1992). As expected, al., 1996). Downstream domains have also been found to
deletion of the basic sequence in the MA domain reduced influence membrane binding. Assembly of MyMA~
the Kqpp (Table 2). 1gG, a protein that is not expected to particles at the plasma membrane can occur, although at low
bind membranes, exhibited no change in fluorescenceefficiency (Lee & Linial, 1994). Binding studies with
intensity and did not sediment in the presence of LUVs (data C-terminally truncated Gag or with Gag proteins containing
not shown). point mutations in the nucleocapsid (NC) domain identify
The contribution of the MHR sequence to membrane the seven amino acids located between the two highly
binding was determined by measuring the affinities of conserved Cys-His arrays as necessary for stable membrane
mutated HIV-1 Gag proteins. Deletion of the entire 20 amino association (Platt & Haffar, 1994). Although all of these
acid MHR sequence decreased the affinity reproducibly signals have been shown to play important roles in membrane
(averagedKapp ~10 uM; Table 2), although the extent of binding, it is important to note that, unlike the MHR, none
quenching exhibited bAMHR Gag samples varied from of these motifs is absolutely conserved throughout the
~15 to 40% ( = 3) due to the presence of nonbinding retrovirus family (Myerset al, 1990). Moreover, none of
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these signals alone is sufficient for membrane associationregions required for particle formation, particle release, and
(Lee & Linial, 1994; Platt & Haffar, 1994; Zhoet al, 1994). Gag—Gag interactions (Hansen & Barklis, 1995; Hsial,,

We have shown that the MHR of HIV-1 Gag directly 1985; Jonest al, 1990; Lubaret al, 1992; Srinivasakumar
contributes to membrane binding both in transfected mam- et al, 1995; Wanget al, 1994). These studies show that
malian cells and irin vitro assays using LUVs of acidic  while the MA domain is sufficient for Gag release from the
phospholipids as model membranes. Deletion of the MHR cell, efficient formation of viral particles requires an intact
from the Gag precursor significantly reduced membrane CA domain. The studies we report here extend these findings
affinity in sitro and the efficiency of mature particle assembly by demonstrating that the MHR contributes to the overall
in transfected mammalian cells. A direct correlation exists strength of Gag membrane binding. We suggest that this is
between a mutation’s impact on particle formation and its due to its effect on proteiaprotein interactions.
effect on membrane bindinig vitro: We observed that the In summary, mutations in the MHR of retroviral Gag
association of Gag mutants GIn287Ala or Glu291Ala to proteins result in phenotypes that suggest that the region is
LUVs was reduced to a greater extent than that of Arg299Ala involved in assembly of viral particles and in postassembly
(Table 2); others have demonstrated that Gag mutantsreplication events (Craveat al, 1995; Mammancet al,
GIn287Ala and Glu291Ala disrupt viral particle assembly 1994; Strambio de Castillia & Hunter, 1992). As demon-
to a greater extent than mutation of Arg299 or deletion of strated in this report, the failure to assemble and release
the MHR (Mammancet al, 1994). The tight correlation  particles can be attributed to defects in assembly-related
between the phenotype of these mutants in infected cells andunctions that occur on the membrane surface. Further
their behavior in ouin vitro assay provides evidence that elucidation of the role of the MHR in Gagmembrane
our experimental system accurately reflects physiologically interactions may lead to a clearer understanding of events
significant membrane assembly events. that are essential for assembly of all retroviruses.
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