














taining the minimal NC sequence required for I domain func-
tion, GAG384/GFP, produced RVLPs which were abundant
and largely indistinguishable from wild-type Gag RVLPs (Fig.
7C). No irregular clumping of Gag protein within RVLPs as
seen with 55GAG/GFP was observed with this construct. In
sharp contrast to these results, no particles consistent with
RVLPs were observed with the constructs lacking I domain
function, including GAG384(R380,384A)/GFP, GAG377/
GFP, and MA/GFP (data not shown). Collections of vesicular
material surrounding the cells were demonstrable in these
preparations (data not shown), and occasional spherical parti-
cles with a dense border were observed (as shown for cells
expressing MA/GFP in Fig. 7D). Notably, these particles were

FIG. 6. Influence of the I domain upon Gag-GFP subcellular localization as
determined by laser scanning confocal microscopy. Digital images of live BSC-40
cells expressing the indicated Gag-GFP fusion proteins were acquired with a
Zeiss LSM410 laser confocal microscope using the 403 objective. Images were
obtained 5 h after transfection with the indicated construct. The individual cells
shown are representative of over 75% of Gag-GFP-expressing cells viewed for
each construct. (A) GAG377/GFP; (B) GAG384/GFP; (C) GAG426/GFP; (D)
GAG384(R380/384A)/GFP; (E) GAG405(R380/384A)/GFP.
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smaller in diameter (90 to 100 nm) and lacked the thick pe-
ripheral layer of Gag protein typical of Gag RVLPs (Fig. 7,
compare panels C and D). The association of these atypical
particles with Gag protein was not proven in the present study.
In order to determine if our inability to demonstrate RVLP
production by I domain-deficient Gag was merely due to inef-
ficient particle release, the amount of Gag-GFP protein re-
leased from cells expressing four of the Gag-GFP constructs
was measured by microplate fluorometry. With the amount of
released 55GAG/GFP set at 100% as a reference value, the
following results were obtained (means 6 standard deviations
[SD] from three separate experiments): for GAG432/GFP,
22% 6 8%; for GAG384/GFP, 19 6 11%; for GAG377/GFP,
13.2% 6 8%; and for MA/GFP, 12 6 6%. Because the amount
of released Gag protein differed only twofold between an I
domain-containing construct that demonstrated numerous
RVLPs by electron microscopy (GAG384/GFP) and those
demonstrating no evident RVLPs (GAG377/GFP and MA/
GFP), it is unlikely that inefficient production or release ac-
counted for the absence of observed RVLPs in this study.
These results suggest that the light particles formed by Gag
proteins lacking I domain function in our study may not be
found associated with true RVLPs but may represent Gag
proteins released in some other form (such as in association
with cellular vesicles).

DISCUSSION

Localization of the N-terminal I domain. The N-terminal I
domain was localized in this study to the N-terminal seven
amino acids of NC. Although it is surprising that such a dis-
crete, small domain was sufficient to confer upon the 377-
amino-acid Gag molecule a dramatic shift in particle density,
the existence of a domain essential for particle assembly lo-
cated in the extreme N terminus of NC has been previously
reported (14, 18, 20). Our results extend this finding and link
this particle assembly domain to the function of the I domain.
The finding that two basic residues within this small region are
required for I domain function is consistent with the report
that addition of a small string of basic amino acids to a trun-
cated RSV Gag protein restored dense particle formation (2).
However, substitution of lysine residues in these positions in
our study failed to completely reconstitute normal particle
density as predicted. These data suggest that charge alone is
insufficient to reconstitute I domain function, at least in this
context, or that a particular arginine (R384) may play a more
specific role which is not recreated by lysine substitution. It is
also interesting to note that the single substitution of R384
altered particle density to a greater degree than that of the
single substitution of R380. R384 (R7 in the NCp7 protein) has
recently been shown to make critical electrostatic interactions

FIG. 7. Electron microscopy of Gag-GFP particles. (A) 55GAG/GFP; (B) 55GAG/GFP; (C) GAG384/GFP; (D) MA/GFP. Arrow indicates particle of uncertain
nature discussed in Results. Magnification, 351,250. Bar 5 195 nm.
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with a homopolymeric RNA template by fluorescence spec-
troscopy (33), and it is possible that this interaction is impor-
tant in I domain function.

I domain and Gag protein detergent-resistant complex for-
mation. The ability of Gag to form intracellular Triton X-100-
resistant complexes has recently been identified in HIV-in-
fected cells and is proposed to represent an assembly
intermediate (21, 22). Data from the present study indicate
that detergent resistance is mediated by the I domain. In the
presence of N-terminal I domain mutants, detergent-resistant
sedimentation is enhanced sequentially by the addition of fur-
ther subdomains of NC, including the addition of the remain-
der of the N-terminal subdomain, the N-terminal zinc finger,
the basic linker region, and the second zinc finger. Taken
together, these data suggest that I domain function in the
intact Gag polyprotein is contributed by each of these four
subdomains of NC. A threshold amount of I domain activity is
required to allow particles of normal density to form; this may
be contributed by the N-terminal I domain alone or by the
N-terminal zinc finger in the absence of N-terminal I domain
activity. Additional combinations of I domain functional units
from subdomains other than the N-terminal I domain and the
first zinc finger, must also be sufficient based upon data from
studies with RSV-HIV Gag chimeric proteins (1). Thus, there
are at least three functional I domain units within HIV-1 NC.

I domain and Gag subcellular localization. The contribution
of the I domain to Gag protein subcellular localization in our
studies is somewhat enigmatic. It is clear that the M domain is
required for plasma membrane localization of Gag, yet the I
domain enhanced the peripheral localization of Gag dramati-
cally in these studies. However, disruption of the M domain by
elimination of the myristylation site abolishes any apparent

contribution of the I domain to peripheral localization of Gag
(29). These findings are best reconciled by the hypothesis that
while the M domain is required for membrane localization of
Gag, the I domain enhances the efficiency of membrane inter-
action or acts to stabilize the interaction. This may occur
through cooperative effects upon membrane binding: as mul-
tiple Gag molecules interact in a coordinated fashion, a mem-
brane-binding unit of enhanced binding energy is formed (il-
lustrated in Fig. 8). In the absence of the I domain, the weak
membrane-binding energy of Gag monomers is insufficient to
maintain the interaction and the molecule dissociates from the
membrane. Alternatively, the I domain may act to provide a
trigger for the myristyl switch present within MA. According to
this hypothesis, Gag-Gag interactions contributed by the I do-
main lead to a conformational change within MA. The con-
formational change then results in a more favorable presenta-
tion of myristic acid for membrane interaction (Fig. 8). Several
groups have now provided supporting data for the presence of
the myristyl switch within MA (25, 26, 30, 43). However, it
remains to be demonstrated how direct Gag-Gag interactions,
which are most likely mediated by the CA-CA dimer interface,
with a possible contribution from NC (3, 9), could result in a
conformational change in the M domain. Solved structures of
MA reveal a long C-terminal helix through which such a con-
formational change would have to be transmitted (17, 24), and
cryoelectron microscopy studies have demonstrated a signifi-
cant distance (approximately 70 Å) between the radial densi-
ties corresponding to the MA globular domain and the C-
terminal domain of CA (11).

Nature of light Gag particles. The nature of the Gag parti-
cles lacking I domains (such as GAG377/GFP and MA/GFP) is
not clear. We and others have previously shown that HIV-1

FIG. 8. Proposed model for I domain function. Gag monomers bind to an RNA molecule through the I domain, which is located in multiple subdomains of NC.
The RNA then acts as a tether to allow Gag-Gag multimerization to take place. Multimerization creates an intermediate structure that has enhanced membrane binding
energy by bringing together multiple M domains in a common orientation (top right). An alternative possibility to explain enhanced membrane association is illustrated
on the bottom right. According to this model, the myristyl switch within MA is triggered through the influence of the I domain, making myristic acid available for
membrane interactions.
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Gag constructs lacking all of NC are released, sediment
through a sucrose cushion, and attain an equilibrium density of
1.10 to 1.14 g/ml when analyzed by equilibrium density centrif-
ugation (6, 29, 41), and these results agree with the description
of light particles produced by RSV Gag in the absence of the
I domain (1). It should be noted that the efficiency of particle
release in the absence of NC is diminished (6, 41). In this study,
we failed to demonstrate by electron microscopy any apparent
RVLPs budding from cells expressing truncated Gag-GFP pro-
teins that lack the I domain, a result which could not be
accounted for by observed differences in the amount of Gag
released. This striking lack of RVLP formation suggests that
for HIV-1 Gag, the I domain may be a required domain for
RVLP formation itself. The released Gag protein of light den-
sity may represent Gag protein associated with cellular mi-
crovesicles, a hypothesis worthy of further study. Alternatively,
Gag proteins lacking the I domain may form aberrant particles
that lack the characteristic electron microscopic appearance of
RVLPs.

Role of RNA binding in I domain function. In vitro models
of retroviral particle assembly have implicated the RNA bind-
ing function within NC as an important determinant of particle
assembly (4, 5). Also in support of a critical role for RNA is a
recent report that Gag-Gag multimerization requires RNA
interaction and that RNase can disrupt Gag-Gag interaction in
vitro (3). We favor a model of I domain function in which RNA
binding is contributed by the I domain, and RNA binding then
facilitates Gag-Gag multimerization. The RNA binding rele-
vant to the present study must be nonspecific binding, as our
Gag constructs did not include the RNA packaging (psi) region
of the genome. The fact that the R384 residue which was
shown here to be important for N-terminal I domain function
has been identified as one of four key residues within NC
involved in critical electrostatic contacts with a homopolymeric
RNA template supports this model. Additional key residues
for nonspecific RNA binding are located within the N-terminal
zinc finger and the C-terminal zinc finger (33). Taken together,
our data fit with a model in which multiple regions of NC act
concomitantly to bind RNA and in which RNA binding then
facilitates Gag-Gag interaction and dense particle formation.
Further investigation into the mechanism by which the I do-
main contributes to dense particle formation will be needed
and is expected to yield important insights into the assembly
process of retroviruses.
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