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The human immunodeficiency virus type 1 (HIV-1) matrix protein, p17, plays important roles in both the
early and late stages of the viral life cycle. Using our previously determined solution structure of p17, we have
undertaken a rational mutagenesis program aimed at mapping structure-function relationships within the
molecule. Amino acids hypothesized to be important for p17 function were mutated and examined for effect in
an infectious proviral clone of HIV-1. In parallel, we analyzed by nuclear magnetic resonance spectroscopy the
structure of recombinant p17 protein containing such substitutions. These analyses identified three classes of
mutants that were defective in viral replication: (i) proteins containing substitutions at internal residues that
grossly distorted the structure of recombinant p17 and prevented viral particle formation, (ii) mutations at
putative p17 trimer interfaces that allowed correct folding of recombinant protein but produced virus that was
defective in particle assembly, and (iii) substitution of basic residues in helix A that caused some relocation of
virus assembly to intracellular locations and produced normally budded virions that were completely nonin-
fectious.

The human immunodeficiency virus type 1 (HIV-1) matrix
protein (MA), p17, plays a pivotal role in the virus life cycle.
Situated at the amino terminus of both p55gag and p160gag-pol,
it directs these precursor polyproteins to the plasma mem-
brane, where assembly and budding of viral particles occurs
(15). Membrane localization requires both the cotranslational
myristoylation of p17 (1, 19) and a cluster of basic amino acids
at its amino terminus (44, 45). The Gag polyproteins assemble
into a network of ring-like structures at the plasma membrane,
producing the icosahedral structure of the viral core (33). Fol-
lowing proteolytic cleavage within the maturing viral particle,
p17 remains in a shell directly underneath the lipid envelope of
the virus, suggestive of an assembled network (16). Expression
of simian immunodeficiency virus (SIV) MA alone in baculo-
virus systems results in the formation of virus-like particles
(18), indicating that MA contains determinants of self-associ-
ation.
The incorporation of the viral envelope glycoprotein, gp160,

into virions is not necessary for the process of particle forma-
tion. However, the coexpression of Env proteins influences the
plasma membrane site of assembly of HIV-1 Gag particles (27,
35), which suggests a specific interaction between the two pro-
teins. The location of p17 at the membrane-proximal amino
terminus of the Gag precursor and its close association with
the membrane in the mature particle implicates p17 in the
process of specific Env incorporation. In support of this hy-
pothesis, p17 viral mutants whose primary defect appears to be

the incorporation of gp160 into viral particles have now been
identified (7, 10, 12, 41). In addition, the presence of HIV-1
MA protein in chimeric visna virus Gag cores is sufficient to
recruit HIV-1 Env into the viral particles (7), and SIV Env
colocalizes with SIV MA particulate material in sucrose gra-
dients of baculovirus-derived material (18). The p17-gp160
interaction appears to involve a patch of hydrophobic residues
in p17 (11) and certain structures within the cytoplasmic tail of
gp41 (11, 42). Furthermore, the characteristics of this interac-
tion show some cell type specificity, suggesting the additional
involvement of cellular factors (28).
p17 is also involved in the early stages of a new infection.

Certain C-terminal mutants of p17 have been shown to be
defective in the ability to synthesize viral DNA following in-
fection, suggesting a role for p17 in penetration or uncoating
(43). In addition, a subset of p17 molecules have been shown
to remain associated with the core-derived preintegration com-
plex (PIC) following entry of the virus into a cell (4). The
minor population of p17 molecules associated with the PIC is
phosphorylated differently from the majority of the matrix
protein (2, 13), a modification which has been suggested as
being necessary to overcome the inherent membrane-targeting
properties of myristoylated p17 and to allow the functioning of
a nuclear localization signal (NLS) identified at the amino
terminus of the molecule (2, 13). The mechanism whereby this
population of p17 molecules is recruited into the PIC and
contributes to nuclear import remains unclear, but it has been
shown that phosphorylation of a C-terminal tyrosine of p17
allows an interaction with the integrase (IN) protein, which
could account for the incorporation of p17 into the PIC in the
producer cell (14). The presence of karyophilic p17 in the PIC
provides one route whereby HIV can access the nucleus of
nonmitotic cells (3), which is in contrast to observations for
simpler oncoretroviruses (26) and likely contributes to the in
vivo tropism of HIV. Indeed, in vitro infection of macrophages
has been shown to require one of two independent routes of
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nuclear import, either through the p17 NLS or through Vpr
(20, 39), although the relevance of this model been challenged
(9).
We (30) and others (29) have previously determined the

three-dimensional (3D) solution structure of p17 by nuclear
magnetic resonance spectroscopy (NMR) (Fig. 1). Crystallo-
graphic studies have further demonstrated that the basic mul-
timer of p17 is a trimer (21, 36). The globular central core of
the protein forms a compact fold consisting of four helices,
with striking structural homology to gamma interferon. In ad-
dition, the protein contains a highly basic platform consisting
of three b strands. The targeting of p55gag to the plasma mem-
brane requires the basic residues present on these strands (44,
45), and the NLS is also located in this region (residues 25 to
33) (3).
Previous mutational analyses of p17 have identified both

single amino acids and regions of the protein that appear
essential for p17 function (reviewed in reference 29). However,
our structural data predict that some of these defective phe-
notypes could have arisen simply because of a gross distortion
of the overall structure of p17, rather than as a result of the
substitution of a functionally important residue. In the light of
our structural model, we have now undertaken a rational mu-
tagenesis program aimed at precisely mapping structure-func-
tion relationships within p17. Mutations of p17 were made at
positions predicted to be surface exposed and therefore good
candidates for involvement in the processes of particle assem-
bly, membrane association, envelope incorporation, or PIC
function. The mutations were introduced into an infectious
proviral clone of HIV-1 and analyzed for their effects on the
various stages of the viral life cycle. In a complementary ap-
proach, defective mutants identified in the viral assays were
expressed as recombinant p17 protein, and their structures

were analyzed by NMR. These approaches have now identified
several classes of p17 mutants whose defects can be correlated
with the various functions of the protein.

MATERIALS AND METHODS

Production of 17 mutant viruses. Single-site mutations were introduced into
the proviral clone WI3 (23), using mismatched PCR primers extending from
convenient restriction sites within the p17 coding sequence. All mutations were
confirmed by sequencing the final reconstituted proviral DNA. Virus was gen-
erated by overnight calcium phosphate transfection of 293T cells as described
previously (6). Cells were grown in Dulbecco modified Eagle medium supple-
mented with 10% fetal calf serum (GIBCO BRL) and transfected at 70% con-
fluence with 30 mg of plasmid DNA per 10-cm-diameter dish. Supernatants were
harvested 48 h posttransfection, clarified by centrifugation, and filtered through
0.45-m-pore-size filters. Virus stocks were treated with DNase I (Promega) for
1 h at 378C in the presence of 6 mM MgCl2 and stored in aliquots at 2708C.
Virus production was measured by p24 enzyme-linked immunosorbent assay
(Coulter) or reverse transcriptase (RT) assay, using a Quant-T-RT kit (Amer-
sham International).
Infectivity assays. Virus stocks were assayed for infectivity in the T-cell line

C8166. A total of 53 105 cells were incubated in 1 ml of virus (approximately 500
ng of p24) for 1 h at 378C and then washed and plated in 2 ml of fresh medium
(RPMI containing 10% fetal calf serum). Infectivity was scored 2 to 3 days later
by the appearance of syncytia. Virus stocks were also used to infect the H9 T-cell
line. A total of 3 3 106 cells were incubated with equal amounts of wild-type and
mutant viruses (as measured by RT activity) in a total volume of 1 ml for 1 h and
then washed and plated in 5 ml of medium. Samples of the culture supernatant
were taken every 3 to 4 days and assayed for RT activity to monitor virus
production. Infectivity was also assayed using MAGI cells (24). Equivalent vol-
umes of viral supernatants from transient transfections of 293T cells were used
to infect MAGI cells plated at 20% confluence in 24-well plates. The cells were
stained for b-galactosidase activity 48 h later as described previously (24), and
the number of cells staining blue was determined by light microscopy. All infec-
tions were performed with at least two independently produced virus stocks for
each mutant tested.
Analysis of viral proteins. Viral proteins were concentrated from the super-

natants of transfected 293T cells by centrifugation through a 20% sucrose cush-
ion at 50,000 rpm at 48C for 2 h, using a TL100.4 rotor. The pellets were
resuspended in 40 ml of loading buffer and stored at 2708C. Aliquots were
heated to 908C for 5 min before analysis by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE). HIV-1 proteins were detected by
Western blotting using pooled serum from HIV-1-infected donors at 1:500 di-
lution. A specific anti-p17 monoclonal antibody (Capricorn, Scarborough,
Maine) was used at 1:500 dilution. The secondary antibodies used were horse-
radish peroxidase-conjugated goat anti-human immunoglobulin and goat anti-
rabbit immunoglobulin (Vector Laboratories), used at 1:1,000 and 1:4,000 dilu-
tions, respectively. Specific interactions were visualized by using the Amersham
enhanced chemiluminescence detection system.
Electron microscopy. Transfected 293T cells were fixed in 2.5% glutaralde-

hyde for 30 min, postfixed in 1% osmium tetroxide in isotonic buffer, and then
treated with 0.5% aqueous uranyl acetate, dehydrated in ethanol, and embedded
via epoxy propane in Araldite resin. Sections were cut with a diamond knife,
stained with uranyl acetate and lead citrate, and examined with a Philips 210C
electron microscope.
PCR analysis. One million C8166 cells were infected with equal amounts of

DNase-treated virus for 1 h as described above. Total DNA was isolated from 106

cells 48 h postinfection, using a Qiamp genomic DNA extraction kit (Qiagen).
DNA from 104 cell equivalents was subject to PCR, using final reaction condi-
tions of 2 mMMgCl2, 4 mM deoxynucleoside triphosphates, 13 Taq polymerase
reaction buffer (Promega), 10 ng of each oligonucleotide primer per ml, and 0.1
U of Taq polymerase (Promega) per reaction. The PCR conditions were 25
cycles of 958C for 30 s, 618C for 30 s, and 728C for 1 min, using primers
59-GTCTGTTGTGTGACTCTGGT-39 and 59-GAGGCTTAAGCAGTGGGTT
C-39, followed by nested PCR on 1/100 of this initial reaction, using primers
59-GTCAGTGTGGAAAATCTCTAGCA-39 and 59-CAGATCTGGTCTAACC
AGAG-39, for a further 25 cycles. The expected final band of 529 bp was detect-
ed by Southern blotting using a 32P end-labeled oligonucleotide probe specific
for the U3 region of the long terminal repeat (LTR) as described previously
(5).
Recombinant protein production. p17 was expressed in Escherichia coli as a

glutathione S-transferase (GST) fusion protein and purified as described previ-
ously (30). The purity of the recombinant protein was confirmed by SDS-PAGE
and high-performance liquid chromatography analyses.
NMR analysis. NMR analysis was performed essentially as described previ-

ously (30). One-dimensional 1H NMR spectra were recorded at 600 MHz and
298 K. The protein sample concentrations used were approximately 0.2 mM, and
the pH was buffered at pH 6.0 with 15 mM phosphate buffer.
Peptide inhibition experiments. A series of overlapping p17-derived 15-mer

peptides was obtained from the MRC AIDS Directed Program. The peptides
were dissolved in phosphate-buffered saline (pH 7.0) and used at a final concen-

FIG. 1. Refined solution NMR structure of p17. The schematic representa-
tion of HIV-1 p17 shows the relative positions of the five a helices and the b
sheet and the amino acid coordinates. The diagram was produced by using
MOLSCRIPT (25).
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tration of 200 mg/ml. For each peptide, 2 3 105 U937 cells were pelleted and
resuspended in 500 ml of medium containing 50 ml of a stock of HIV-1IIIB (giving
a multiplicity of infection of 0.25) and 200 mg of the appropriate peptide per ml.
Following incubation for 2 days, the cells were pelleted and resuspended in fresh
medium containing peptide. After a further 3 days of incubation, 100 ml of the
culture was removed and added to 105 C8166 cells in a total volume of 500 ml
with the appropriate peptide. Samples of both the U937 and C8166 culture
supernatants were taken after a further 2 and 3 days of incubation and assayed
for RT activity. In addition, the C8166 cells were visually inspected for the
appearance of syncytia on day 3.

RESULTS

Rational mutagenesis of p17. We have previously deter-
mined the solution structure of p17 by NMR (30). A refined
version of the structure, which contains an additional small
helix at the amino terminus, is shown in Fig. 1 (31). On the
basis of this structure, we have chosen to mutate the amino
acids shown in Table 1. Our rationale was to mutate residues
that are exposed on the surface of the protein and are there-
fore more likely to be involved in protein-protein interactions.
This approach will also reduce the likelihood of interfering
with the global structure of the protein. Recent crystallo-
graphic data have identified residues that are involved in p17-

p17 interactions within a trimer (21, 36), and we have mutated
several of these residues. In addition, we also chose to analyze
mutations at positions C57 and C87, as these residues have
previously been shown to be required for p17 function in other
studies (12, 17, 32).
Virus production by p17 mutants. p17 mutants were intro-

duced into an infectious proviral clone WI3 (a nef1 version of
HXB2). The mutants were analyzed for the ability to produce
virus particles following transient transfection of 293T cells by
measuring RT activity in the supernatant and by Western blot
analysis (Table 1 and Fig. 2). Several of the mutations clearly
caused a defect in particle production, giving rise to low RT
titers in the supernatant and low amounts of viral proteins on
Western blots. This group of mutants included the single sub-
stitution C57S and the double substitutions L50A,L51A,
Y86R,C87S, and T70E,E74K. An analysis of lysates of the
transfected cells by Western blotting revealed wild-type levels
of viral proteins (Fig. 2 and data not shown), suggesting that
the defect in particle production occurred at assembly or re-
lease. In addition, examination of electron micrographs of the
transfected cells failed to detect any particles for mutant C57S,
L50A,L51A, or T70E,E74K (data not shown).

TABLE 1. Properties of p17 mutants

Constructa Side chainb
Particle production Infectivity

RT activityc Western Electron microscopy C8166d H9e MAGIf

Wild type 111 Normal Mature, budding particles 111 111 100

Mutants
Helix A
R39E,R43E Exposed, charged 111 Normal Relocation to cytoplasm 1 2 0.3

A-B loop
F44H Exposed, hydrophobic 111 Normal ND 111 111 ND j

A45I Exposed, hydrophobic 111 Normal Mature, budding particles 1 1 7
V46E Exposed, hydrophobic 111 Normal Mature, budding particles 1 11 44
N47D,E55Q Exposed, charged 111 Normal 111 111 ND
L50A,L51A Internal 1 Low proteini No particles 2 2 0

Helix B
C57S Internal 1 Low protein No particles 2 2 0.2
Q59E Exposed, charged 111 Normal ND 111 111 ND
Q63E Exposed, charged 111 Normal ND 111 111 ND

B-C loop
T70A,S72A Exposed, hydrophilic 111 Normal ND 111 111 60
T70E,E74K Exposed, hydrophilic 1 Low protein No particles 1 2 0.9

Helix C
Y86R Internal 111 Normal ND 111 111 70
C87S Internal 111 Normal Some normal particles 1 111 5
Y86R,C87S Internal 1 Low protein ND 2 2 ND

Helix D
E107K,K110E Exposed, charged 111 Normal ND 111 111 ND
K(110-114)Qg Exposed, charged 111 Normal ND 111 11 ND
K(110-114)E Exposed, charged 111 Normal ND 111 111 ND

aMutants named according to amino acid substitution.
b Position and characteristics of the side chain of the wild-type residue.
c 111, wild-type activity; 1, less than 20% of wild-type activity.
d Syncytia scored 48 h postinfection. 111, wild-type level; 1, few syncytia.
e Time to peak RT activity in H9 cells. 111, wild-type level; 11, delayed by 2 to 5 days; 1, delayed by more than 20 days.
f Number of blue cells per field of view relative to the wild type.
gMutant is K110Q, K112Q, K113Q, K114Q.
h Reduced levels of viral proteins seen on Western blots.
i Normal profile but mobility of p17 altered.
j ND, not determined.
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Infectivity of p17 mutant viruses. The infectivity of each of
the various p17 mutants was compared to that of the parental
wild-type virus WI3 in two T-cell lines, C8166 and H9. C8166
cells are highly sensitive to the cytopathic effects of HIV-1, and
a productive infection results in visible syncytia at 24 to 72 h
postinfection. H9 cells are less susceptible to killing by HIV-1,
and the kinetics of a spreading infection can be monitored in
these cells over a period of several days by measuring super-
natant RT activity.
The majority of the mutant viruses examined [F44H, N47D,

E55Q, Q59E, Q63E, T70A,S72A, Y86R, R91E, E107K,K110E,
K(110-114)Q, and K(110-114)E] displayed wild-type levels of
infectivity in both T-cell lines (Table 1). In agreement with this
wild-type infectivity profile, none of these substitutions per-
turbed viral particle production as assessed by RT or Western
analysis. In contrast, the group of mutants that displayed se-
vere defects in particle production not surprisingly revealed
complete (C57S, L50A,L51A, Y86R,C87S) or substantial (T70E,
E74K) reductions in viral infectivity. In addition, we identified
a third class of mutants which, although appearing to have no
defect in viral particle production, displayed delayed replica-
tion kinetics in H9 cells. These partially defective mutants were
the substitutions A45I, V46E, and C87S. In addition, mutant
R39E,R43E, while not affecting particle production, resulted
in a complete loss of infectivity in H9 cells and produced only
a small amount of syncytia in the C8166 assay.
The infectivity of the mutant viruses was also measured in

the MAGI indicator cell line (24). A successful HIV-1 infec-
tion leads to the induction of b-galactosidase activity from an
integrated LTR-LacZ reporter construct, allowing measure-
ment of the infectious titer of the viral stock. A good agree-
ment was observed between the results of the MAGI assay and
the infectivity data obtained from the T-cell lines. p17 mutants
with delayed replication kinetics in H9 cells (A45I, V46E, and
C87S) gave between 5 and 44% of the wild-type level of titer in

the MAGI assay, correlating somewhat with the severity of the
defect in H9 replication kinetics. The mutants with a more
severe phenotype (R39E,R43E, L50A,L51A, C57S, and T70E,
E74K) produced less than 1% of the wild-type titer.
Virion morphology and membrane localization of defective

mutants. The replication-defective p17 mutant viruses ap-
peared to fall into two groups. First, mutants L50A,L51A,
C57S, and Y86R,C87S resulted in low supernatant RT levels,
produced low quantities of virion-associated proteins, and
demonstrated no infectivity in any of the assay systems used.
Similarly, mutant T70E,E74K had reduced levels of RT and
viral particles in the supernatant of transfected cells and dis-
played only a very slight infectivity on C8166 cells. However, a
second group of mutants, which included R39E,R43E, A45I,
V46E, and C87S, were partially or fully defective in the infec-
tivity assays, despite producing wild-type levels of supernatant
RT activity and having virion protein compositions that ap-
peared normal.
The defective p17 mutant viruses were examined by electron

microscopy. In agreement with the other assays for viral par-
ticle production, no virions were detected for mutant L50A,
L51A, C75S, or T70E,E74K. However, mature budding parti-
cles were seen at the plasma membrane of mutants A45I,
V46E, and C87S. Within the limits of resolution of this type of
analysis, all of these mutants appeared to produce normal
mature virions, although there was a greater tendency to see
immature particles with mutant V46E (data not shown). Mu-
tant R39E,R43E showed both mature particles budding from
the plasma membrane and some relocation of viral budding
away from the plasma membrane and toward intracellular
vacuoles (Fig. 3B).
Envelope incorporation into defective p17 mutants. For the

group of p17 mutants that produced normal levels of viral
particles yet were defective in replication, the defect could be
the result of inefficient incorporation of the envelope protein
gp160 into budding viral cores. Previous mutational analyses of
p17 have identified mutants with such phenotypes (7, 10, 41).
We therefore examined the ratio of Gag (p17) to envelope
(gp41) proteins present in virions purified through a 20% su-
crose cushion (Fig. 4). Viral proteins were detected with both
HIV-positive patient sera and monoclonal antibodies directed
against p17 and gp41. Some of the substitutions introduced
between residues 39 and 46 disrupted the major p17 epitope
recognized by the patient sera (Fig. 4A), as has previously been
reported for a D41-43 mutant (7). However, these mutants
were recognized efficiently by the anti-p17 monoclonal anti-
body (Fig. 4B), indicating that these substitutions did not affect
p17 incorporation into particles. Examination of the Western
blots revealed that all of this group of p17 mutants had p17/
gp41 ratios similar to that of the wild type, suggesting that the
defect in infectivity was not caused by a lack of envelope
incorporation. In addition, no defect was seen in the amount of
gp120 detected in particles (data not shown).
Two-LTR circles in cycling T cells. Two-LTR circles are a

form of viral DNA found only in the nucleus of cells. They
therefore represent a useful marker for successful reverse tran-
scription and nuclear import (3). We analyzed the formation of
two-LTR circles by nested PCR amplification for the wild-type
virus and the severely defective p17 mutants R39E,R43E,
A45I, C57S, L50A,L51A, and T70E,E74K (Fig. 5). Mutants
C57S and L50A,L51A, which had previously demonstrated no
infectivity in any of the assays used, gave no signal. However,
mutants R39E,R43E and T70E,E74K produced a band of the
expected size. Both of these two mutants had previously been
shown to produce a small of amount of syncytia in C8166
infections, suggesting a low level of infectivity.

FIG. 2. Western blot analysis of p17 mutant viruses. Extracts of transfected
cells (A) or virus concentrated from the supernatant (B and C) were separated
on an SDS–12.5% polyacrylamide gel and probed with HIV-positive patient
serum (A and B) or an anti-p17 monoclonal antibody (C). The positions of the
major viral proteins, p66 (RT), p55 (Gag), p32 (IN), p24 (CA), and p17 (MA),
are indicated. Mutations C57S, Y86R,C87S, L50A,L51A, and T70E,E74K all
resulted in little viral material in the supernatant relative to cell extracts com-
pared to the wild-type virus WI3. The p17 protein from mutants R39E,R43E and
A45I was not recognized by HIV-positive patient serum but was revealed by an
anti-p17 monoclonal antibody (C).
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FIG. 3. Electron microscopy. (A) Wild-type virus; (B) R39E,R43E mutant virus. Mutant R39E,R43E shows some relocalization away from the plasma membrane
toward internal membranes.
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Biophysical characterization of defective p17 mutants. The
mutant p17 proteins that had been identified as affecting viral
infectivity were expressed as GST fusion proteins in E. coli and
purified as described previously (30). Mutants R39E,R43E,
A45I, V46E, C87S, and T70E,E74K were readily purified by
our standard procedure. However, the mutants C57S and
L50A,L51A were difficult to purify, with a much greater ten-
dency to aggregate than the wild-type protein. A small amount
of purified C57S p17 was obtained, but its analysis by both
circular dichroism and NMR revealed that the protein was
completely unfolded (data not shown). It seems highly likely,
therefore, that mutation of this central residue had grossly
distorted the global structure of p17.
Amino acid C87 is also a partially buried residue. Recom-

binant protein containing the C87S substitution was purified by
the same protocol as used for the wild-type protein, and its
NMR spectrum was analyzed. The data showed it to adopt the

same global fold as wild-type p17, although there were some
small changes in chemical shift (,0.2 ppm) of the high-field
methyl group resonances (data not shown). These well-re-
solved resonances were shifted upfield as a result of ring cur-
rents from at least one neighboring aromatic residue, indicat-
ing changes in the local 3D structure. Although unambiguous
assignments are not possible at this stage, some small struc-
tural consequences were apparent. The high-field methyl
groups resonances that show altered chemical shifts (L61, L65,
and L85) share one structural feature, being part of the inter-
face between the two helices of the coiled coil (helices B and
C), whereas the mutated residue C87 lies at one end. This
seems to indicate that the cavity created by a conservative
cysteine-to-serine substitution resulted in a small movement
(,0.5 Å) of the coiled coil.
Recombinant protein was also readily obtained for the de-

fective p17 mutants A45I, V46E, and T70E,E74K. All three of
these mutants contain substitutions at residues predicted to be
located on the outside of the protein at the trimer interface
(21, 36). They each produced NMR spectra essentially iden-
tical to that of wild-type p17 (Fig. 6 and data not shown),
indicating that they have the same structure as the wild-type
molecule, with no significant rearrangements. The lack of in-
fectivity of the viral particles containing these mutants there-
fore probably reflects a defect in p17-p17 interactions within
the basic trimeric unit. Mutant R39E,R43E was also purified as
recombinant protein and examined by NMR. The majority of
this protein was unfolded, although a fraction did appear to
have the wild-type fold.
p17 peptides inhibit virus replication. It has previously been

reported that the addition of a short peptide corresponding to

FIG. 4. Envelope incorporation into defective p17 mutant viruses. Viral pro-
teins in the supernatants of transfected cells were pelleted through a 20% sucrose
cushion and analyzed by SDS-PAGE and Western blotting. Blots were probed
with HIV-positive patient sera (A) or anti-p17 monoclonal antibody (B). The
membranes from panel B were then stripped and reprobed with an anti-gp41
monoclonal antibody (C).

FIG. 5. Two-LTR circles. Extracts from C8166 cells infected 48 h previously
with wild-type or mutant virus were subjected to single-round (A) and nested (B)
PCR with primers specific for two-LTR circle junctions. The PCR products were
separated on an agarose gel, and specific bands were detected by hybridization
with a 32P-labeled oligonucleotide probe. CTRL, uninfected C8166 cells.

FIG. 6. NMR spectra. The methyl group region from the proton NMR spec-
tra of wild-type p17 and mutants A45I and R39E,R43E are shown. The well-
dispersed methyl signals of wild-type p17 and A45I indicate a highly structured
protein, and the similarity of the two spectra implies identical structures. The
lack of significant amounts of well-resolved resonances for R39E,R43E is indic-
ative of random coil configuration.
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residues 47 to 59 of p17 can abolish HIV-1 infectivity (34). The
appearance of immature and malformed virions suggested that
the peptides exerted their effects at a late stage in viral assem-
bly. We obtained a series of overlapping p17-derived peptides
spanning residues 31 to 85 and examined their abilities to
inhibit an acute HIV-1 infection in U937 cells. The degree of
inhibition was assessed by measuring RT activity in the super-
natant of the peptide-treated cultures at 7 and 8 days postin-
fection (Table 2). In addition, at day 5 postinfection, aliquots
of the HIV-1-infected U937 cells were added to peptide-
treated C8166 cells at a ratio of 1:3. Any subsequent viral
spread in the more sensitive C8166 population was assessed 2
and 3 days later by measuring supernatant RT activity and by
examining the cells for the appearance of syncytia.
Of the five peptides examined, two inhibited HIV-1 replica-

tion: peptide 4 (residues 31 to 45), which corresponds almost
exactly to helix A; and peptide 5 (residues 41 to 55), which
contains the region between helices A and B (Table 2). Peptide
5 is contained within the inhibitory peptide of residues 47 to 59
identified by Niedrig et al. (34) and likely inhibits the same
process. However, it appears that we have identified a second
region that can also inhibit p17 function located in helix A.

DISCUSSION

The interpretation of mutagenesis data is often hampered by
an inability to distinguish between mutations that have specif-
ically altered a functionally important residue and those that
have globally affected protein structure. The determination of
the 3D solution structure of the HIV-1 matrix protein p17 (29,
30) has enabled us to undertake a rational mutagenesis pro-
gram aimed at mapping structure-function relationships within
p17. We have specifically targeted residues that are surface
exposed and therefore likely to be involved in protein-protein
interactions. In addition, as crystallographic analyses of both
the SIV (36) and HIV-1 (21) matrix proteins have suggested
that p17 exists as a trimer, we have also introduced mutations
at the putative trimer interfaces to analyze their effects on p17
function.
Mutations within the p17 coding sequence were introduced

into an infectious proviral clone of HIV-1, and the effects on
viral production, protein composition, virion morphology, and
infectivity were analyzed. p17 mutants that resulted in viruses
that were defective in one or more of these assays were then
also expressed as recombinant proteins, and their structures
were examined by NMR. This analysis allowed us to identify
those mutations that had altered viral infectivity without ad-
versely affecting the overall structure of the p17 molecule and
to eliminate from further analyses those mutants that were

defective for the more trivial reason of gross distortion of the
native protein structure.
Several classes of mutants were identified. The most severe

defects in viral function occurred when we made substitutions
at residues predicted to be located internally. This class in-
cluded the single substitution C57S as well as the double sub-
stitutions Y86R,C87S and L50A,L51A. Viruses containing
these mutations were unable to form any particles at all, as
shown by a lack of supernatant RT activity, low levels of viral
proteins in pelleted supernatant material, and the absence of
any particles in transfected cells examined by electron micros-
copy.
The core of p17 contains a hydrophobic pocket composed of

residues V7, I34, A37, L41, L51, C57, I60, I82, and L85 (29,
30). Substitution of any of these residues could affect essential
hydrophobic core interactions and prevent correct folding of
the protein. When we tried to express the C57S mutation as a
recombinant GST-p17 fusion protein, the protein was difficult
to purify and clearly had different properties from the wild-
type fusion protein. Both circular dichroism and NMR analy-
ses of the limited amount of material that we obtained showed
it to be unfolded. A GST-p17 fusion protein containing the
L50A,L51A double substitution was similarly difficult to purify,
with a high tendency to aggregate, and we could not produce
enough material to analyze. The changes in the biochemical
properties of this mutant protein probably also arise from a
large distortion of the structure of p17.
We conclude therefore that this class of mutants probably

interrupts the folding pathway of p17, leading to downstream
effects on the Gag-Gag interactions required for viral particle
assembly. Previous analyses have also reported defects in
virion production for C57S substitutions (12) and an insertion
between residues 57 and 58 (40). These data also provide an
explanation for the gross defects in particle assembly previ-
ously reported for C57S substitutions in p55gag baculovirus
expression systems (17, 32) and suggest that C57S is not a
determinant of particle assembly per se but rather an important
internal structural residue for p17.
While the double substitution Y86R,C87S was also defective

in viral particle production, the single substitutions were either
wild type (Y86R) or only partially affected (C87S). For Y86,
the tyrosine ring sits in a hydrophobic pocket, making contacts
with residues R58, L61, C87, Q90, and I104, with the tyrosine
hydroxy solvent exposed. The C87 side chain also sits in a
hydrophobic pocket, defined by residues V84, Y86, I92, V94,
A100, and K103. Presumably, the substitution of a more hy-
drophilic residue in the C87S mutant destabilized this region,
producing the slight shifts in the structure observed in the
NMR spectra for the recombinant protein. Virus containing
this mutation was less infectious than the wild type, in agree-
ment with previous studies (12), but produced normal levels of
viral particles. We did not observe the relocalization of particle
assembly to intracellular membranes that has been reported
(12), although this discrepancy could be a result of the different
HIV-1 strains used in the two studies. The more severe phe-
notype of the double mutant Y86R,C87S presumably arises
from the cumulative effects of these two neighboring substitu-
tions.
A second group of mutants that we analyzed contained sub-

stitutions at residues predicted to lie at the interfaces between
the trimers of p17 seen in crystallographic analyses (Fig. 7A)
(21, 36). This group produced mutants that were less severe
(V46E), intermediate (A45I), or very severe (T70E,E74K) in
their phenotypes. Recombinant proteins containing these sub-
stitutions each produced NMR spectra essentially identical to
that of wild-type p17, indicating that they have the same struc-

TABLE 2. Inhibition of HIV-1 infectivity by p17-derived peptides

Peptidea

RT titer (103 cpm/ml)b
Syncytia in
C8166 cells
on day 3

U937 C8166

Day 7 Day 8 Day 2 Day 3

None 3.2 6.7 3.9 11.4 1
31-45 2
41-55 2
51-65 14.8 47.0 19.9 33.6 1
61-75 2.1 5.7 15.4 21.9 1
71-85 1.1 3.9 3.6 1

a Corresponding p17 residues.
b RT activity in supernatant at indicated time points following challenge with

HIV-1.
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ture as the wild-type molecule, with no significant rearrange-
ments. It is therefore highly likely that the effects on viral
infectivity observed for these mutants reflect a defect in p17-
p17 interactions across the putative trimer interfaces.
The most extreme trimer interface mutant was the T70E,

E74K double substitution, which completely prevented viral
particle formation. Examination of the crystal structure of the
p17 trimer suggests that there would be no room across the
interface for the substitution of a larger side chain (glutamic
acid) at position 70 and that the negative charge at the end of
the side chain might also interact unfavorably with the neigh-
boring molecule. The T70E,E74K mutant is therefore distinct
from the previous group of mutations that also abolished par-
ticle formation, as it allowed the correct folding of the protein
but was presumably defective in the p17-p17 interactions nec-
essary for Gag assembly. Other mutations predicted to lie at
the trimer interface, such as N47D,E55Q and T70A,S72A, had
no effect on particle production or infectivity. The relative
tolerance of these residues to change probably reflects the fact
that the interactions in the trimer are backbone, not side chain,
interactions (21, 36), which will allow some degree of sequence
flexibility in this area.
The intermolecular interactions between p17 monomers

present in the crystal structure are relatively weak and are not
seen in solution. Such weak interactions may, however, be
sufficient to stabilize p17-p17 interactions in the context of the
larger Gag polyprotein, and SIV MA has been shown to be
capable of self-assembly into viral-like particles in a baculovi-
rus system (18). The recruitment of p17 monomers into a
higher-order assembly within particles, or additional interac-
tions with cytoskeletal components, could stabilize p17-p17
interactions even after cleavage from the Gag polyprotein dur-
ing core maturation. Overall, our mutagenesis data are sup-
portive of a model where the basic multimer of p17 is likely a
trimer.
Two p17 mutants, A45I and R39E,R43E, appeared to be

defective in stages of the HIV life cycle downstream of particle
assembly. Several Gag mutations that also have no effect on
particle assembly but abolish infectivity have previously been
described (37, 40), highlighting the fact that the viral core
proteins are also required for later stages in the viral life cycle.
The substitution A45I resulted in normal levels of particle
production, but the virus produced was almost completely non-
infectious. We had predicted that the presence of the larger
isoleucine side chain at the putative trimer interface would
cause steric problems between residue 45 and the amino acids
F44 and L75 on adjacent molecules, but viral particle produc-
tion did not appear to be affected in these mutants. The pres-
ence of a higher proportion of immature particles in electron
micrographs of the A45I viruses relative to the wild type may,
however, indicate a defect in assembly and maturation. It is
also possible that the A45I substitution interferes with posten-
try processes that require the disassociation of p17-p17 mul-
timers or, alternatively, interferes with the association of the
subset of p17 molecules that are part of the PIC.
A particularly interesting mutant was the R39E,R43E dou-

ble substitution. These arginine residues lie on the outside of
helix A (Fig. 7B) and may well be part of the basic region that
is involved in localization to the plasma membrane (21). In-
deed, electron microscopy analysis revealed some redirection
of viral budding away from the plasma membrane toward in-
tracellular vacuoles in this mutant. The redirection of particle
assembly to intracellular membranes has also been reported
for other point mutations (12) and larger deletions (8, 27) of
p17. The R39E,R43E mutant did, however, produce large
amounts of normally budded virions, giving rise to wild-type
levels of RT activity in the supernatant of transfected cells. The
virions were, however, almost completely noninfectious, pro-
ducing very low levels of syncytia in C8166 cells and a low titer
on MAGI cells. The virions appeared to have normal profiles
by Western analysis and incorporated the envelope protein. In
addition, two-LTR circles could be detected at low levels in
cycling T cells, and although this was not a quantitative assay,
it does imply that there is no absolute block to reverse tran-
scription or nuclear import in these cells. Previous mutational
analysis of R43 (substitution to alanine) resulted in a virus that
replicated with wild-type kinetics (12). However, a linker in-
sertion between residues 40 and 41 resulted in virions that had
near-wild-type levels of particle production, incorporated en-
velope, but resulted in completely noninfectious virions (37). It
seems likely therefore that this region plays an additional, as
yet unidentified role in viral infectivity.
Incubation of HIV-1 with peptides derived from p17 iden-

tified two regions that act as inhibitors of viral replication. One
inhibitory peptide corresponded to residues 41 to 55, which
covers one of the predicted trimer interfaces. This peptide also
contains residues 47 to 59, which were previously shown by
Niedrig et al. (34) to block the formation of mature virus
particles. We additionally identified a second inhibitory pep-

FIG. 7. (A) Schematic representation of the backbone resides of the trimer
interface region (residues 41 to 49) of one monomer and residues 69 to 76 of the
adjacent monomer). The trimer interface coordinates were obtained by modeling
the p17 NMR structure on the SIV trimer crystal structure (36). (B) Positions of
side chains of residues R39 and R43 on the outside of helix A.
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tide, covering residues 31 to 45. This region contains the whole
of helix A, and it is tempting to speculate that the inhibitory
effects of this peptide result from inhibition of the same pro-
cess that is defective in the R39E,R43E mutant. Previous anal-
ysis using a larger peptide of residues 23 to 46 (34) did not
inhibit HIV-1 replication. However, this larger peptide may
not adopt the same structure as our shorter peptide, or the
eight extra residues at the amino terminus may obscure the
inhibitory domain contained within residues 31 to 45.
The least disruptive mutations that we made were in helix D.

Even the change of charge from four basic to acidic residues in
K(110-114)E produced a virus with a wild-type phenotype.
This region is predicted to extend down from the core of the
p17 molecule and possibly serves as a spacer between p17 and
the CA protein, p24 (21). Other studies have also found that
this region is insensitive to amino acid changes (7, 12), al-
though a deletion of 13 amino acids (residues 116 to 128)
resulted in a virus that was defective in the early postbinding
stages of the viral life cycle (43).
In summary, mutations of residues in p17 had various effects

on viral replication. The most disruptive substitutions that
abolished particle production also prevented the correct fold-
ing of recombinant p17 fusion proteins, suggesting that the
viral phenotype resulted from a gross distortion of p17 struc-
ture. Particle production was also inhibited by some mutations
at the trimer interface predicted from crystallographic analysis
of HIV-1 and SIV matrix proteins, supporting the idea that the
trimer may be a functional intermediate in the process of
particle assembly. We identified an additional group of mu-
tants that were defective at postbudding stages of the life cycle,
including A45I and the helix A mutant R39E,R43E. We also
identified inhibitory peptides that spanned either a putative
p17 trimer interface or corresponded to helix A.
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