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A 14-amino-acid spacer peptide termed SP1 that separates the capsid (CA) and nucleocapsid (NC) se-
quences plays an active role in the assembly of human immunodeficiency virus type 1. This activity of SP1
involves its amino-terminal residues that, together with adjacent CA residues, constitute a putative �-helical
structure spanning Gag residues from positions 359 to 371. In this study, we have determined that the virus
assembly determinants within this putative �-helix were residues H359, K360, A361, L364, A367, and M368,
of which K360 and A367 contribute to virus production to lesser extents. Notably, changes of the two basic
amino acids H359 and K360 to arginine (R) impaired virus production, whereas mutations L364I and M368I,
in contrast to L364A and M368A, generated near-wild-type levels of virus particles. This suggests that within
Gag complexes, amino acids H359 and K360 are involved in stricter steric interactions than L364 and M368.
Since L364 and M368 are separated by four residues and thus presumably located on the same side of the
helical surface, they may initiate synergistic hydrophobic interactions to stabilize Gag association. Further
analysis in the context of the protease-negative mutation D185H confirmed the key roles of amino acids H359,
A361, L364, and M368 in virus assembly. Importantly, when transfected cells were subjected to Dounce
homogenization and the cell lysates were treated by ultracentrifugation at 100,000 � g, Gag molecules
containing each of the H359A, A361V, L364A, and M368A mutations were found mainly in the supernatant
fraction (S100), whereas approximately 80% of wild-type Gag proteins were found in the pellet. Therefore, these
four mutations must have prevented Gag from generating large complexes.

Particle formation of human immunodeficiency virus type 1
(HIV-1) is driven by Gag proteins (20). Gag molecules mul-
timerize within host cells and form immature particles along
the plasma membrane. In the meantime, other components
essential for the construction of infectious particles, such as
viral genomic RNA, Gag-Pol polyproteins, envelope proteins,
Vpr, and a number of cellular proteins, are incorporated
mainly via interactions with distinct regions of Gag. The im-
mature particles are further converted to mature forms by
virtue of proteolytic processing of Gag mediated by the viral
protease during or shortly after virus budding from the host
cell. This maturation process involves conformational transi-
tions of the capsid shell from a spherical form to a conical form
(for reviews, see references 12, 17, and 18). Cleavage of Gag
generates matrix (MA), capsid (CA), SP1 (previously termed
p2), nucleocapsid (NC), SP2 (previously termed p1), and p6
proteins (25). Of these proteins, MA, CA, and NC are the
major structural components of mature virus particles.

HIV-1 Gag multimerization occurs at a number of levels,
and accordingly, involves distinct sequences. The MA se-
quences can direct the formation of trimeric Gag complexes
(26, 36). Two dimeric interfaces have been located within CA

(3, 15, 31, 34, 52). SP1 is needed for a higher-order multimer-
ization of Gag (35). The NC sequences promote Gag-Gag
interactions largely through high affinity for RNA (5–7, 9, 10,
23, 45). Of the protein sequences involved in Gag assembly,
SP1 is the least-characterized sequence, mainly because of a
lack of structural information regarding this region (52). Tar-
geting of Gag to the plasma membrane is mediated by a fatty
acid, myristate, that is attached to the glycine residue at the
amino terminus of MA and by the basic residues that are
present within the first 31 amino acids of MA (10, 20, 22, 46,
56). Release of HIV-1 particles from the host cells is facilitated
by cellular factors, including TSG101, that bind to a conserved
four-residue stretch, P(T/S)AP, at the amino terminus of p6
(13, 19, 21, 33, 49).

The SP1 region regulates HIV-1 assembly in two distinct
fashions. First, the SP1 sequence is essential for the generation
of virus particles. Deletion of the SP1 sequence, especially of
the residues at the amino terminus, virtually abolishes virus
production (1, 27). Computer modeling predicts an �-helical
structure across the CA-SP1 boundary (1). Although this pu-
tative �-helix awaits verification by structural studies, insertion
of either glycine or proline, two �-helix breakers, into the SP1
sequences that constitute the carboxy-terminal portion of this
helix lead to decreased levels of virus particle production (1).
On the other hand, SP1 must be removed from the carboxy
terminus of CA during virus maturation for the spherical cap-
sid shell to be converted to a mature conical core (24, 51).
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Conceivably, SP1 removal disrupts the relevant �-helix and
thus leads to rearrangement of CA-CA interactions. These
conformational transitions switch the state of virus particle
from an “assembly mode” to a “disassembly mode” (24). On
the basis of these findings, it is hypothesized that an assembly
domain exists at the carboxy terminus of CA and further ex-
tends into the SP1 region (1, 24, 27, 51). The predicted �-helix
at the CA-SP1 boundary may represent the key structural
element of this assembly domain.

Largely because of the lack of structural information regard-
ing the position of this putative helix in the context of CA
sequences and its interactions with other domains of Gag, the
mechanisms underlying its role in virus assembly are unclear.
In an attempt to shed light on this subject, we have performed
a genetic analysis to identify the key amino acids within this
helical structure that are essential for virus assembly.

Gag residues H359, A361, L364, and M368 are essential for
HIV-1 production. Mutagenesis studies were performed to
change each of the 21 residues from positions 358 to 378, which
cover the carboxy terminus of CA and the SP1 region, in the
context of wild-type HIV-1 cDNA BH10 (Fig. 1A and Table 1).
Except for amino acids A361, A365, A367, and A375, which
were changed to valine (V), the rest were substituted by ala-
nine (A) (Fig. 1A and Table 1). None of the mutations thus
constructed disrupts the �-helix at the CA-SP1 boundary on
the basis of folding patterns predicted by the PHD program
(41–44) (Table 2).

When the mutated DNA constructs were transfected into
COS-7 cells, the mutated Gag proteins were expressed at levels
similar to those seen with wild-type BH10 Gag (Fig. 1B). Of
the mutations analyzed, L364A led to an accumulation of the
p25 intermediate and A375V, T377A, and M378A delayed the
processing of the CA-SP1-NC intermediate (Fig. 1B). These
defects in Gag processing are presumably due to amino acid

changes within the relevant protease cleavage sites (1, 25, 51).
In contrast to the wild-type levels of Gag expression within the
cytoplasm, the mutated constructs H359A, K360A, A361V,
L364A, A367V, and M368A yielded dramatically lower quan-
tities of extracellular virus particles than did wild-type BH10
(Fig. 1B).

We next measured p24 quantities associated with the pel-
leted virus particles and in cell lysates by quantitative enzyme-
linked immunosorbent assay (ELISA). These data were then
used to calculate the efficiency of virus production by the mu-
tated HIV-1 cDNA (Table 2). In comparison to wild-type
BH10, mutations H359A, A361V, L364A, and M368A de-
creased levels of virus production by more than 100-fold, and
mutations K360A and A367V led to 20- to 30-fold reductions
(Table 2). A moderate decrease in this regard was observed
with mutations R362A, V363A, A365V, E366A, V371A, and
M378A (Table 2). Similar observations were made on the basis
of results obtained from reverse transcriptase (RT) assays (Ta-
ble 2).

To determine whether the assembly defects seen with the
aforementioned mutations were cell type specific, we also
transfected the mutated DNA constructs into HeLa cells. Vi-
rus production was assessed by either Western blotting, quan-
titative ELISA, or RT assays, and the data were summarized in
Table 2. The results revealed 20- to 30-fold reductions in virus
production for mutations H359A, A361V, L364A, and M368A,
an �10-fold decrease for A367V, and two- to threefold reduc-
tions for mutations K360A, R362A, A365V, V371A, and
M378A. These results are, in general, consistent with those
obtained by transfection of COS-7 cells, although the levels of
reduction observed in HeLa cells were not the same as those
seen in COS-7 cells. This may be attributable to different levels
of Gag expression in COS-7 and HeLa cells (data not shown).

The mutations H359A, A361V, L364A, and M368A delay

TABLE 1. Sequences of primers that were used for mutagenesis

Mutation Sequence of primera Positionb

G358A 5�-CAGGGAGTAGGAGGACCCGCCCATAAGGCAAGAG-3� 1840–1873
H359A 5�-GGAGTAGGAGGACCCGGCgcTAAGGCAAGAG-3� 1842–1873
H359R 5�-GGACCCGGCCgTAAGGCAAGAG-3� 1852–1873
K360A 5�-GTAGGAGGACCCGGCCATgcGGCAAGAGTTTTGG-3� 1846–1879
K360R 5�-GGACCCGGCCATagGGCAAGAGTTTTGG-3� 1852–1878
A361V 5�-GACCCGGCCATAAGGtAAGAGTTTTGG-3� 1853–1879
R362A 5�-GACCCGGCCATAAGGCAgcAGTTTTGGCTCAAG-3� 1853–1885
V363A 5�-GCCATAAGGCAAGAGcTTTGGCTGAAGC-3� 1859–1886
L364A 5�-GCCATAAGGCAAGAGTTgcGGCTGAAGCAATGAGC-3� 1859–1893
L364I 5�-CCCATAAGGCAAGAGTTaLcGCTGAAGCAATGAGCC-3� 1859–1894
A365V 5�-GGCAAGAGTTTTGGtTGAAGCAATGAG-3� 1866–1892
E366A 5�-GAGTTTTGGCTGcAGCAATGAGCC-3� 1871–1894
A367V 5�-GCAAGAGTTTTGGCTGAAGtAATGAGCCAAG-3� 1867–1897
M368A 5�-GAGTTTTGGCTGAAGCAgcGAGCCAAGTAAC-3� 1871–1901
M368I 5�-GGCTGAAGCAATcAGCCAAGTAAC-3� 1878–1901
S369A 5�-GCTGAAGCAATGgcCCAAGTAACAAATTC-3� 1879–1907
Q370A 5�-GAAGCAATGAGCgcAGTAACAAATTC-3� 1882–1907
V371A 5�-GCAATGAGCCAAGcAACAAATTCAGC-3� 1885–1910
T372A 5�-GAGCCAAGTAgCAAATTCAGC-3� 1880–1910
N373A 5�-GACCCAAGTAACAgcTTCAGCTACCATAATG-3� 1880–1920
S374A 5�-CAAGTAACAAATgCAGCTACCATAATG-3� 1884–1920
A375V 5�-GTAACAAATTCAGtTACCATAATGATGC-3� 1897–1924
I377A 5�-CAAATTCAGCTACCgcAATGATGCAGAG-3� 1901–1928
M378A 5�-CAAATTCAGCTACCATAgcGATGCAGAGAGGC-3� 1901–1932

a Mutated nucleotides are denoted in lowercase type.
b Nucleotide positions refer to the HIV-1 cDNA sequence.
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Gag processing at certain stages (Fig. 1B). To address whether
the assembly defects associated with these mutations were
caused by aberrant Gag processing, we combined a D185H
substitution, which mutates the protease active-site D185 and
thus inactivates protease activity (37), with each of these four
mutations. The constructs thus generated were termed H359A-
PR�, A361V-PR�, L364A-PR�, and M368A-PR�. Each of
these four Gag mutations led to severely diminished virus
production in both COS-7 and HeLa cells (Fig. 1C and Table
3). Therefore, the H359A, A361V, L364A, and M368A muta-
tions must have directly suppressed the assembly of Pr55Gag

precursors. We also assessed the effects of the K360A and
A367V mutations on virus production in the presence of the
protease-negative mutation D185H. The results showed that
these two mutations only modestly affected virus production
(Fig. 1C and Table 3).

Taken together, mutations H359A, A361V, L364I, and
M368A nearly abolish virus production from both COS-7 and
HeLa cells, and mutations K360A and A367V affect virus pro-
duction to lesser extents. Notably, these six key residues are all
located within the putative CA-SP1 �-helix (Fig. 1A).

Of the six mutations that display severe deficits in virus
production, H359A and K360A alter two basic amino acids,
and L364A and M368A change two hydrophobic residues. We
speculate that the basic feature of H359 and K360 and the
hydrophobic nature of L364 and M368 may have accounted for
the importance of these residues in virus production. To test
this possibility, we further changed the former two amino acids
to arginine (R) and the latter two to isoleucine (I). The mu-
tations thus generated were termed H359R, K360R, L364I,
and M368I, respectively. The last two mutations have been
tested by other groups (1, 51), and the results obtained in the
present study were consistent with their results. Regardless of
the wild-type levels of Gag expression within the cytoplasm of
COS-7 cells, mutations H359R and K360R but not L364I and
M368I decreased virus production by 20- to 40-fold (Fig. 1D
and Table 2). Similarly, a five- to sevenfold virus reduction was
observed for mutations H359R and K360R in HeLa cells,
whereas mutations L364I and M368I did not show adverse
effects in this regard (Table 2). These results suggest that their
basic feature alone cannot explain the critical roles of H359
and K360 in virus assembly; instead, strict steric interactions
must have also been involved. As for residues L364 and M368,
their key contribution to virus assembly is the development of
hydrophobic interactions with other residues of Gag.

The H359A, A361V, L364A, and M368A mutations attenuate
the formation of large Gag complexes. Gag assembly leads to
the formation of a series of complexes of variable size that can
be isolated by velocity sedimentation. These complexes serve
as sequential intermediates in the process of virus construction
(29, 30, 32, 35, 48). We speculate that the mutations in SP1 and
in the carboxy terminus of CA may have blocked Gag assembly
at a certain stage and, consequently, suppressed virus produc-
tion. To test this possibility, transfected COS-7 cells were sub-
jected to Dounce homogenization in the absence of detergents
and then centrifugation at 100,000 � g. The majority of wild-
type Gag molecules generated by either BH-PR� or BH10
were recovered in the P100 fraction (Fig. 2). In contrast, the
mutated Gag molecules with H359A, A361V, L364A, and
M368A mutations were mainly found in the S100 fraction (Fig.

2). This suggests that these four mutations must have restricted
Gag multimerization to early stages when only low-molecular-
weight complexes have been formed. The A367V-PR� Gag
was mostly pelleted at 100,000 � g (Fig. 2), which explains the
observation that this mutated Gag can efficiently produce virus
particles (Fig. 1C).

Effects of the various mutations on production of infectious
virus particles in Jurkat cells. Next, we assessed the infectious-
ness of the viruses containing each of the mutations illustrated
in Fig. 1A. Jurkat cells (106) were transfected by 1 �g of the
mutated or wild-type HIV-1 cDNA. Viral growth was then
monitored by measuring RT activity in the culture fluids. Con-
sistent with their severely diminished ability to generate virus
particles, mutations H359A, H359R, K360A, K360R, A361V,
L364A, A367V, and M368A failed to produce any infectious
virus (Fig. 3 and Table 2). The L364I mutation impaired pro-
cessing of CA-SP1 (p25) (Fig. 1D) (1, 51), an event that has
been shown to be essential for morphogenesis of a mature
conical core (51). Therefore, even though the L364I mutated
construct was able to yield wild-type levels of virus particles
(Fig. 1D and Table 2), the viruses thus generated were nonin-
fectious (Fig. 3). Of the other mutations, R362A, V363A,
E366A, V371A, A375V, and M378A delayed viral replication
kinetics to various extents (Fig. 3). These replication defects
may have also been the results of diminished virus production
(Table 2). Moreover, mutations of amino acids from positions
369 to 377, which cover 70% of the SP1 sequences, gave minor
effects on viral replication. This observation supports the re-
sults of a previous study showing that deletion of amino acids
370 to 374 was relatively well tolerated with respect to viral
replication (1).

Conclusions. Our data, together with those of other groups
(1, 24, 27, 51), support the hypothesis that a continuous as-
sembly domain exists at the CA-SP1 boundary. Mutations
within the SP1 sequence can suppress virus production, result
in aberrant particle morphology, and alter the morphogenesis
of Gag assembly (1, 22, 24, 27, 38, 50, 51). Interestingly, a
continuous �-helical structure has been predicted at the CA-
SP1 boundary (1). In support of the importance of this putative
�-helix in virus assembly, insertions of glycine or proline, two
�-helix breakers, disrupt this �-helical structure and virtually
eliminate virus production (1). We have now localized the key
residues for virus assembly within this predicted helix to H359,
K360, A361, L364, A367, and M368 (Fig. 1 and Table 2).

Understanding of the mechanisms underlying the involve-
ment of this putative �-helix in virus assembly is hampered by
limited structural information regarding the location of this
�-helix in the context of CA sequences. This is mainly because
the last 11 residues at the carboxy terminus of CA and the SP1
sequence are disordered in the crystal form of the CA146-231-
SP1 molecule (52). To counter this disadvantage, we have
performed genetic analysis and identified six key residues
within this predicted �-helix that are essential for virus assem-
bly (Fig. 1 and Table 2). On this basis, it is possible to gain
insights into the types of potential molecular interactions by
which this putative �-helix binds to other portions of Gag or to
unknown cellular factors. Substitutions L364A and M368A
nearly eliminate virus production; however, mutations L364I
and M368I, which retain the hydrophobic nature of both L364
and M368, display marginal effects in this regard (Table 2).
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This strongly suggests that residues L364 and M368 promote
Gag assembly by establishing hydrophobic interactions. Since
each turn of an �-helix consists of 3.5 amino acids, it follows
that residues L364 and M368, which are four residues apart,
must be closely located on the same side of the helical surface.
This spatial proximity may allow them to form a hydrophobic
center and to develop synergistic hydrophobic interactions. On
the other hand, the basic feature of residues H359 and K360 is
not sufficient to explain their critical roles in virus assembly,
since mutations H359R and K360R also significantly inhibit
virus production (Fig. 1D). Conceivably, strict steric interac-
tions of H359 and K360 with other residues are needed for
virus assembly.

We have tried to determine the stages at which our muta-
tions affect virus assembly. Virus production involves Gag mul-
timerization, targeting of Gag to the plasma membrane, for-
mation of the spherical bud, and release of virus particles from
host cells. The results of our sedimentation studies showed that
the mutant Gag H359A, A361V, L364A and M368A were
mainly found within the S100 fraction (Fig. 2). This suggests

that these four mutations impede Gag multimerization and
thus prevent formation of large Gag complexes at wild-type
levels. Our observations are consistent with a previous report
showing that deletion of the SP1 sequence blocks Gag oli-
gomerization at the trimer stage (35). Electron microscopy
(EM) studies revealed large electron-dense patches under-
neath the plasma membrane for assembly-defective HIV-1 mu-
tants lacking SP1 sequences (1, 27). These EM data indicate
that the mutant Gag can aggregate but fail to generate the
spherical capsids seen with wild-type Gag. At this stage, it is
difficult to compare these EM data obtained with HIV-1 mu-
tants in which SP1 sequences had been deleted with the results
of sedimentation experiments performed with our substitution
mutations. We speculate that although our mutant Gag pro-
teins were detected in the P100 fraction at levels lower than the
level for the wild-type Gag, this minor portion of mutant Gag
may have bound to the plasma membrane and can be visual-
ized by EM as electron-dense plaques underneath the plasma
membrane. Additional EM studies of the mutants H359A,
A361V, L364A, and M368A will help to address this issue.

FIG. 1. Effects of the mutations in SP1 and the carboxy terminus of CA on virus production. (A) Amino acids from positions 358 to 378 were
substituted with alanine except that A361, A365, A367, and A375 were changed to valine. Amino acids H359 and K360 were further changed to
arginine, and L364 and M368 were changed to isoleucine. These mutations were generated through use of a PCR strategy as described previously
(40). The primers employed are listed in Table 1. The underlined residues from positions 359 to 371 may form an �-helix as predicted by the PHD
program (1, 41–44). The asterisks denote viral protease cleavage sites. Numbering of amino acids starts from the first residue of Gag. WT, wild
type. (B) Analysis of viral proteins expressed in cells or associated with virus particles. Either COS-7 or HeLa cells were transfected with mutated
or wild-type DNA constructs. Forty-eight hours after transfection, cells were lysed in NP-40 lysis buffer containing 50 mM Tris-Cl (pH 7.4), 150
mM NaCl, 1% NP-40, 0.02% sodium azide, and protease inhibitor cocktails (Roche, Laval, Quebec, Canada). The lysates were clarified in a
Beckman GR-6S centrifuge at 3,000 rpm for 30 min at 4°C and then assessed by Western blotting using monoclonal antibodies (MAbs) against
CA (p24) (ID Lab, Inc., London, Ontario, Canada). Mock-transfected cells were also used in Western blots as negative controls. Virus particles
in culture fluids were concentrated by ultracentrifugation at 210,000 � g for 1 h and then analyzed by Western blotting using the same antibodies.
The positions of Gag precursor Pr55 and its derivatives are shown to the right of the gels. Similar results from Western blots were obtained from
transfection of COS-7 and HeLa cells, and results from COS-7 are shown. The quantities of Gag proteins that were associated with either the cell
lysates or virus particles were further determined by quantitative ELISA (Vironostika HIV-1 Antigen Microelisa System; Organon Teknika
Corporation, Durham, N.C.). The data were used to calculate the efficiency of virus production for each of the mutated and wild-type DNA
constructs. The results are summarized in Table 2. (C) Effects of mutations H359A, K360A, A361V, L364A, A367V, and M368A on virus
production in the context of a protease-negative virus. These mutated DNA constructs were tested in both COS-7 and HeLa cells. Similar results
from Western blots were obtained in both cases, and results from COS-7 cells are shown. The Pr55 precursor is the major form of Gag protein
that was detected by Western blotting using MAbs against CA (p24). The quantities of Pr55 associated with cell lysates and virus particles were
measured by quantitative ELISA, and the data were used to calculate the efficiency of virus production. The results are summarized in Table 3.
(D) Effects of mutations H359R, K360R, L364I, and M368I on virus production. Either COS-7 or HeLa cells were transfected with the mutated
or wild-type constructs. Gag proteins associated with the cell lysates or virus particles were assessed by Western blotting using MAbs against CA
(p24). Similar results were obtained for both cell lines, and results from COS-7 cells are shown. The efficiency of virus production by the mutated
or wild-type constructs was calculated on the basis of quantitative ELISA. The results are summarized in Table 2.
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FIG. 1—Continued.
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The roles for the CA-SP1 boundary region in virus assembly
need further evaluation in the context of two other important
assembly domains: the carboxy-terminal domain of CA and the
amino-terminal domain of NC. CA consists of two domains: an
amino-terminal domain (residues 1 to 146) and a carboxy-
terminal domain (residues 148 to 231) (14–16). In general,
mutations within the carboxy-terminal third of CA inhibit virus
assembly, whereas mutations of the amino-terminal sequences
of CA lead to the production of noninfectious virus particles

FIG. 2. Analysis of Gag complexes within the cytoplasm by velocity
sedimentation. COS-7 cells were transfected with mutated or wild-type
DNA constructs containing the protease-negative mutation D185H.
Cells were then treated by Dounce homogenization in ice-cold TNE
buffer containing protease inhibitor cocktails (Roche). After the su-
pernatants were clarified in a Beckman GR-6S centrifuge at 3,000 rpm
for 30 min at 4°C, they were subjected to ultracentrifugation at 100,000
� g for 1 h at 4°C through a 20% sucrose cushion. The supernatants
(termed S100) and pelleted materials (termed P100) were analyzed for
Gag proteins either by anti-p24 Western blotting or by quantitative
anti-p24 ELISA. The relative quantities of Gag proteins in the S100
and P100 fractions for each construct are shown in the bar graph at the
bottom of the figure.

TABLE 2. Effects of various mutations on virus production and
virus infectiousnessa

Mutation

Virus productionb

Infectivityc

(Jurkat)COS-7 HeLa

p24 RT p24 RT

G358A 105 102 168 118 ����
H359A 0.86 0.88 3.4 2.3 �
H359R 5.4 5.6 13 18 �
K360A 7.7 7.3 36 34 �
K360R 2.0 2.5 14 18 �
A361V 0.75 0.65 4.3 2.8 �
R362A 35 38 62 42 �
V363A 56 48 118 89 ��
L364A 1.3 1.0 2.4 2.9 �
L364I 39 44 44 51 �
A365V 49 50 52 49 ����
E366A 55 51 78 112 ��
A367V 3.4 2.2 9.3 8.3 �
M368A 0.69 0.56 2.1 1.6 �
M368I 137 126 96 124 ���
S369A 132 86 102 109 ����
Q370A 136 117 121 95 ����
V371A 35 34 52 56 ��
T372A 145 174 110 114 ����
N373A 147 146 143 137 ����
S374A 383 292 146 122 ����
A375V 238 183 91 93 ���
T376A 128 157 116 176 ����
I377A 119 102 104 134 ����
M378A 39 35 41 42 ��
BH10 100 100 100 100 ����

a All viruses tested had the CA-SP1 �-helix.
b The yield of virus particles was measured either by p24 determination or by

RT assays. The efficiency of virus production for each construct was calculated on
the basis of p24 levels associated with the cell lysates and the virus particles. The
levels of virus production by BH10 are set as 100. The data are the average of two
to three independent transfection experiments.

c The degree of virus infectivity on Jurkat cells is indicated as follows: �, not
infective; �, 5% infective; ��, 10 to 25% infective; ���, 50% infective;
����, 100% infective.

TABLE 3. Efficiency of virus productiona

Virus
Virus production in cells

COS-7 HeLa

H359A-PR� 3.4 7.0
K360A-PR� 32 77
A361V-PR� 4.9 5.0
L364A-PR� 5.9 12
A367V-PR� 25 56
M368A-PR� 5.2 12
BH-PR� 100 100

a The amounts of virus particles were measured by p24 determination. The
level of virus production by BH-PR� is set at 100. The data are the average of
two to three independent transfection experiments.
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with aberrant morphology (8, 11, 39, 46, 47). More strikingly,
removal of CA sequences amino terminal to the major homol-
ogy region is still permissive for virus production (2, 4). Struc-
tural determination of CA146-231 reveals four helices that adopt
an ovoid fold (15). Of these helices, helix 2 comprises an
interface to mediate CA dimerization. Notably, a short stretch
of GP-rich amino acids 353-GVGGPG-358 is located close to
the carboxy terminus of CA. This short sequence is fairly con-
served in the Gag proteins of primate lentiviruses (28). Its
GP-rich feature implicates structural flexibility and may result
in the separation of the putative �-helix at the CA-SP1 bound-
ary from the upstream CA structures. It remains to be eluci-
dated whether this CA-SP1 boundary region acts indepen-
dently in virus assembly or functions together with the carboxy-
terminal sequences of CA.

NC plays a crucial role in mediating Gag-Gag interactions
and has thus been termed the interaction (I) domain. This NC

function is mainly determined by its amino-terminal residues
(45, 53). NC acts in Gag association largely by virtue of its
RNA binding activity (5–7, 9, 10, 23, 45). Accordingly, its roles
in Gag assembly can be performed by foreign protein se-
quences, such as the Bacillus subtilis MtrB protein domain and
the leucine zipper domain of the Saccharomyces cerevisiae tran-
scription factor GCN4 (2, 54, 55). These findings suggest that
NC does not initiate direct interactions with other regions of
Gag during virus assembly. Thus, it is unlikely that the putative
�-helix at the CA-SP1 boundary represents an element of the
I domain within NC, although the former structure is located
proximal to the amino terminus of NC.
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