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Conformation of the HIV-1 Gag Protein in Solution
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A single multi-domain viral protein, termed Gag, is sufficient for assembly
of retrovirus-like particles in mammalian cells. We have purified the human
immunodeficiency virus type 1 (HIV-1) Gag protein (lacking myristate at its
N terminus and the p6 domain at its C terminus) from bacteria. This protein
is capable of assembly into virus-like particles in a defined in vitro system.
We have reported that it is in monomer–dimer equilibrium in solution, and
have described a mutant Gag protein that remains monomeric at high
concentrations in solution. We report that the mutant protein retains several
properties of wild-type Gag. This mutant enabled us to analyze solutions of
monomeric protein. Hydrodynamic studies on the mutant protein showed
that it is highly asymmetric, with a frictional ratio of 1.66. Small-angle
neutron scattering (SANS) experiments confirmed its asymmetry and
yielded an Rg value of 34 Å. Atomic-level structures of individual domains
within Gag have previously been determined, but these domains are
connected in Gag by flexible linkers. We constructed a series of models of
the mutant Gag protein based on these domain structures, and tested each
model computationally for its agreement with the experimental hydro-
dynamic and SANS data. The only models consistent with the data were
those in which Gag was folded over, with its N-terminal matrix domain
near its C-terminal nucleocapsid domain in three-dimensional space. Since
Gag is a rod-shaped molecule in the assembled immature virion, these
findings imply that Gag undergoes a major conformational change upon
virus assembly.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Expression of a single protein, the human immu-
nodeficiency virus type 1 (HIV-1) Gag polyprotein,
is sufficient for efficient assembly of virus-like
particles in mammalian cells.1 These particles are
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roughly spherical, with a diameter of approximately
100–150 nm, and contain several thousand Gag
molecules. Individual Gag molecules are elongated
rods in these particles, and are arranged radially,
with their N termini in contact with the lipid bilayer
that surrounds the particle and their C termini in the
interior of the particle.
The molecular mechanisms underlying the assem-

bly of the virus particle from the Gag protein are not
well understood. One significant way of simplifying
the analysis of these mechanisms is by studying
assembly in a defined system in vitro. As first de-
monstrated by Campbell & Vogt,2 retroviral Gag
proteins can be readily purified following expres-
sion in bacteria. When these proteins are incubated
with nucleic acids in a buffer of moderate ionic
strength, they can assemble into virus-like particles
(VLPs) whose morphology closely resembles that of
authentic immature retrovirus particles, except that
d.
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they lack the lipid bilayer enclosing the authentic
virion.2 This fundamental result shows that the
ability to assemble into a rather regular, spherical
structure is inherent in the Gag molecule, needing
only nucleic acid as a cofactor. The role of the nucleic
acid in the formation and maintenance of the
structure is not understood, but almost any single-
stranded nucleic acid, including short DNA homo-
polymers, can perform this function in vitro.3,4

Interestingly although recombinant HIV-1 Gag pro-
tein forms spherical VLPs under these conditions,3

addition of a second cofactor, i.e. inositol pentaki-
sphosphate (IP5) or a related molecule, is required
for assembly of VLPs with the correct radius of
curvature.5 (The reasons for this additional require-
ment, which appears to be unique to HIV-1, are not
known andwill not be addressed here. However, the
interactions of HIV-1 Gag protein with inositol
hexakisphosphate are analyzed in some detail in
the accompanying paper6)
After awild-type virus particle is released from the

cell, the viral protease (PR) cleaves Gag into a series
of smaller proteins; this event is termed virus
maturation and is essential for the generation of an
infectious virion. In the case of HIV-1, the cleavage
products include (from N to C terminus) matrix
(MA), capsid (CA), a short peptide termed p2,
nucleocapsid (NC), the short peptide p1, and p6.
Cleavage of Gag into these fragments leads to a
global reorganization of the particle, including
formation of a new structure, the mature viral core.
The ability to assemble into VLPs must ultimately

derive from the three-dimensional structure of the
Gag protein. Significant structural information has
been obtained for several isolated domains of HIV-1
Gag, including MA; the N-terminal and C-terminal
domains of CA (termed NTD and CTD, respec-
tively); and NC in complexes with RNA stem-
loops.7–15 However, except for one important study
of a fragment comprising MA and the NTD of CA,16

no structures have been obtained for full-length Gag
or even for proteins containing more than one of
these segments. Further insight into the structure of
the full-length protein would undoubtedly shed
light on the molecular mechanisms underlying virus
particle assembly. In the accompanying report,6 we
have shown that our recombinant Gag protein
(differing from authentic Gag in that it lacks
myristate at its N terminus and the p6 domain at
its C terminus3) is in monomer–dimer equilibrium in
solution, using the dimer interface previously
described11,14 in the CTD of CA. We generated a
double mutant which reduced the tendency of the
protein to dimerize∼100-fold (see the accompanying
paper6). We now describe the use of this mutant
protein (termed WM Gag), in which tryptophan 316
and methionine 317 (residues 184 and 185 of CA)
have been replaced by alanine, for detailed studies
on the monomer. Both small-angle neutron scatter-
ing (SANS) and hydrodynamic results indicate that
themonomer is highly asymmetric in solution. Using
the known structures of individual domains of Gag,
we generated a large ensemble of structural models
for the Gag protein. Only a small minority of these
model structures were consistent with the experi-
mental data; in all of these models, the protein was
folded over, with its N terminus and C terminus
relatively close together in three-dimensional space.
The fact that Gag is apparently folded in solution
implies that it must undergo a dramatic conforma-
tional change when it assembles into a virus particle.
Results

Effects of WM mutation on properties of Gag
protein

The biophysical properties of the HIV-1 Gag
protein are of considerable interest. The propensity
of the wild-type protein to dimerize in solution is a
serious complication for attempts to characterize the
protein, since these solutions will contain mixtures
of monomers and dimers, with the composition of
the mixture determined by the Gag concentration.
Therefore, the WM protein, which remains mono-
meric over a much wider concentration range, offers
a crucial tool for biophysical studies. However, it is
also possible that the mutation introduced global
changes in Gag structure, as well as weakening the
dimer interface. To test this possibility, we compared
the mutant and wild-type proteins in several ways.
Our first comparisons were by circular dichroism

(CD). As shown in Figure 1(a), the CD spectra of the
two proteins are virtually superimposable. Thus, the
mutation does not appear to have caused any major
change in the secondary structure of Gag protein.
As an additional test of the properties of the

mutant protein, we measured its ability to assemble
into small VLPs like its wild-type counterpart. WM
Gag protein was diluted to a final concentration of
1 mg/ml in buffer containing 50 mM NaCl in the
presence of yeast tRNA. A substantial fraction of the
protein (50%) became pelletable under these condi-
tions. Figure 1(b) shows an electron micrograph of
negatively stained VLPs assembled from WM Gag;
like those previously described for the wild-type
protein,3 these VLPs are very small (∼25–30 nm in
diameter). We found that these VLPs are more salt-
labile than wild-type control VLPs (data not shown).
We also tested the mutant protein for its ability to
assemble, like wild-type Gag,5 into full-size VLPs in
the presence of nucleic acid and IP5. We found no
regular structures in these experiments (data not
shown). Nevertheless, the ability of the mutant
protein to assemble into the small VLPs is strong
evidence that its overall structure has not been
drastically changed by the replacement of CA
residues tryptophan 184 and methionine 185 with
alanine.
Finally, we expressed full-length wild-type and

WMGag proteins (both containingmyristate at their
N termini and p6 at their C termini) in human cells
and tested their ability to assemble into virus
particles under these conditions. We found (data



Figure 1. Properties of the WM Gag protein. (a) CD profile of wild-type (circles) and WM Gag (triangles). (b) VLPs
assembled in vitro from WM Gag. WM Gag was mixed with tRNA, diluted, and analyzed by negative staining as
described in Materials and Methods. VLPs are indicated by arrows. (c) Particles formed by wild-type and WM Gag
proteins in mammalian cells. Particles associated with pelleted cells were analyzed by electron microscopy as described in
Materials and Methods. The scale bars represent 100 nm.
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not shown) that the level of WM Gag protein re-
leased from the cells in pelletable form was about
fivefold lower than that seen with the wild-type
control; this result is similar to findings of von
Schwedler et al.17 on the individual mutants W184A
and M185A. We also examined thin sections of the
transfected cells by electron microscopy. As shown
in Figure 1(c), the particles formed by the mutant
protein tended to be somewhat irregular in size and
shape, rather than roughly spherical with a nearly
constant diameter, as seen in the wild-type control.
Thus, mutation of the dimer interface does not
prevent particle assembly in vivo, although it does
cause more subtle quantitative and qualitative
defects in the assembly process.

Hydrodynamic properties of WM Gag protein

The data presented above indicate that the WM
mutant Gag protein is similar to wild-type Gag in its
overall structure, yet remains monomeric over a
broad concentration range (see the accompanying
paper6). We therefore used the WM Gag protein in
biophysical studies designed to characterize the
solution properties of monomeric Gag.
The hydrodynamic radius (Rh) ofWMGag protein
was determined by several independent methods.
First, WM Gag protein was passed through a
Superose 12 size-exclusion chromatography column.
The elution profile is shown in Figure 2(a) (green
profile), along with those of bovine serum albumin
(BSA) (red profile) and of wild-type Gag (blue
profile). It can be seen that the WM Gag eluted
with a peak centered around∼37.8 min. The column
was also calibrated by chromatography of a series of
other proteins of known Rh and the elution times
were converted into the parameter (KD)

1/3.18 As
shown in Figure 2(b), the elution time of 37.8 min
(indicated by the arrow) corresponds to an Rh value
of ∼36 Å.
In addition, the Rh value of the protein in the

column eluate was determined simultaneously by
quasi-elastic light scattering (QELS). This technique
yielded an Rh value of 38 Å (green data-points under
WM Gag elution profile in Figure 2(a)) and a
diffusion constant (D) of 6.36×10−7 cm2/s.
Finally, theproperties ofWMGagwere determined

by sedimentation velocity (SV) analysis. Boundary
SV measurements (not shown) were performed to
determine the weight-average sedimentation coef-



Figure 2. Hydrodynamic properties of the WM Gag
protein. (a) WM Gag (green profile) was injected onto a
Superose 12 column at 3 mg/ml, and the eluate was
monitored by A280 (green elution profile) and simulta-
neously analyzed by QELS. The data points under the
elution profiles show the Rh values obtained from QELS at
each position in the elution and the lines are weighted fits
through the points. Also shown are the elution profiles of
wild-type Gag, loaded at 3 mg/ml (blue profile), and of
BSA (5 mg/ml) (red profile). (b) The Rh value of WM Gag
determined from its elution time in (a). The column was
calibrated with a series of proteins of known Rh value, as
described in Materials and Methods. The graph shows the
cube-root of the column distribution coefficient KD

18

plotted against the Rh value of the protein. The vertical
arrow indicates the position of WM Gag on the curve. (c)
Analysis of WM Gag by SV. WM Gag (0.64 mg/ml) was
centrifuged at 58,000 rpm, and the boundary movement
was monitored by A280. The graph shows the c(s) versus s
plot from the Sednterp software program as described in
Materials and Methods.
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ficient of WM Gag and these data were analyzed by
the Sedfit program. Figure 2(c) shows the c(s) versus s
analysis of WMGag resulting from this analysis. We
obtained an s value of 2.62 S for WM Gag, corre-
sponding to an s20,w value of 2.92 S. A spherical
protein of molar mass 49,993 (the molecular mass of
WM Gag) would have an s20,w value of 4.85 S.
Therefore, WMGag exhibits a frictional ratio ( f/f0) of
1.66; this corresponds to an Rh value of 41 Å and a
diffusion constant of 5.3×10−7 cm2/s. The hydro-
dynamic measurements are summarized in Table 1,
showing good agreement between the different
methods for the determinations of Rh and D.

Analysis of WM Gag protein by small angle
neutron scattering

We also explored the solution structure of WM
Gag protein using SANS. This technique leads to a
model-independent value for the radius of gyration,
Rg, of the molecule under study. In addition, it
results in a distance-distribution function, P(r). Both
of these parameters provide information on the size
and shape of the molecule in solution. Preliminary
experiments showed very similar SANS profiles in
H2O- and 2H2O-containing buffers, and in either
0.17 M or 0.5 M NaCl in 2H2O buffer. Moreover,
sedimentation equilibrium studies (data not shown)
showed that the Kd value for dimerization of wild-
type Gag is ∼3.9 μM in 2H2O buffer, which is nearly
the same as the value of 5.5 μM, obtained in the
standard H2O buffer (Datta et al., accompanying
paper6). Thus, the properties of Gag protein, and by
extension WM Gag as well, are apparently affected
little, if at all, by the difference between H2O and
2H2O. Taking advantage of the strength of SANS
signals in 2H2O, we then analyzed WM Gag protein
by SANS at concentrations of 0.5, 1.0, and 2.0 mg/ml
in 2H2O buffer with 0.5 M NaCl. Guinier plots of the
SANS data are shown in Figure 3(a), and the cor-
responding values for the radius of gyration, Rg, and
the forward scattering, I(0) are shown in Table 2. The
Rg values are consistent for the 0.5 and 1.0 mg/ml
samples, with values of 33–35 Å. However, the data
show an increase in Rg for the 2 mg/ml sample. It
therefore appears that theWMmutant Gag protein is
still capable of some level of oligomerization; this
observation is qualitatively consistent with sedimen-
tation-equilibrium data reported in the accompany-
ing paper (Datta et al.6). We therefore used the SANS
data obtained at 1.0 mg/ml in our efforts to model
monomeric Gag protein, as described below. The
best estimate of Rg obtained from the Guinier
analysis of the SANS results is 34(±1) Å.
Table 1. Hydrodynamic parameters for WM Gag protein

Method Rh value (Å) D (cm2/s)×107

SEC 36 N.D.
QELS 38 6.36
SV 41 5.3

N.D., not determined.



Figure 3. SANS analysis of the WM Gag protein. WM
Gag solutions at 0.5, 1.0, and 2.0 mg/ml were analyzed
by SANS as described in Materials and Methods. (a)
Guinier plot. (b) Distance distribution function. Filled
squares, 0.5 mg/ml; open circles, 1.0 mg/ml; filled circles,
2.0 mg/ml.
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The agreement between the Rg values at con-
centrations of 1 mg/ml and below suggests that
WM Gag remains monomeric in this concentration
range. As a further test of this hypothesis, we used
equations (1) and (2) (see Materials and Methods)
to calculate the molecular weight of the protein
from the SANS data at each concentration. As
shown in Table 2, the MW values are 51,000(±4000)
Da for the 0.5 mg/ml sample and 54,000(±5000) Da
for the 1.0 mg/ml sample, in good agreement with
the expected MW value for monomeric WM Gag.
As the Rg value of a sphere of 50,000 Da would be
(3/5)1/2 times the radius of the sphere, or 18.9 Å,
the value of 34 Å implies that WM Gag is quite
asymmetric.
Another representation of the WM data is shown

in Figure 3(b). The Figure shows the distance
distribution function, i.e. the probability that two
Table 2. SANS results

WM sample concentration (mg/ml) Rg (Å) from Guinier Rg (Å

2.0 37±1
1.0 34±1
0.5 33±2

Errors on Rg and I(0) values are standard errors of the mean, taken
analyses.Mw values are obtained from equations (1) and (2) using the I(
are assumed to be 5%. Dmax represents the optimal value obtained by t
value that best fit the data and gave an Rg value in agreement with th
points in the molecule will be separated from each
other by a distance r. This representation of the data
gives a real-space view of the symmetry of the
molecule. For example, a spherical molecule will
have a symmetric P(r) distribution with a peak,
representing the most probable distance in the
molecule, at its radius. P(r) will be zero at r=0 and
at Dmax, the diameter of the sphere. On the other
hand, if the molecule is asymmetric, the P(r) function
will also be asymmetric. For example, a rod-shaped
molecule will have a P(r) distribution with a peak at
r=the radius and a Dmax equal to its length. In-
spection of Figure 3(b) shows that, for 0.5mg/ml and
1.0 mg/ml WM Gag, the peak is at r=30 Å and
Dmax=110 Å. Thus, the distance distribution func-
tion, like the Guinier analysis, shows that the protein
is notably asymmetric.

WM Gag modeling

The ultimate goal of our studies was to construct a
model for WM Gag protein. Since the molecule is
almost certainly flexible, it is unlikely that it can be
adequately described by a single, rigid shape. We
chose to model it using the following strategy. Gag
contains the following domains, each connected to
its neighbors by flexible linkers: MA; NTD of CA;
CTD of CA; andNC. Detailed structural information
is available for each of these domains, including
multiple structures for NC. In addition a series of
structures have been determined for a protein
containing both MA and NTD. Accordingly, we
attempted to join the known structures together in
silico to generate a large ensemble of Gag structures.
(Of course, it is possible that these domains have
different structures when they are part of Gag from
those determined for the free proteins. Indeed, it is
clear that the N-terminal ∼50 residues of CA
undergo a rearrangement following the release of
CA from Gag.8,9,12,16,19 It has also been proposed
that the structure of the C-terminal region of the CA
domain of Gag is different, at least under some
conditions, from the CTD of free CA protein.20)
Because of the number of flexible sites in the protein,
there exist a very large number of possible con-
formations of the protein.We searched through these
models for arrangements/combinations that were
consistent with the SANS and hydrodynamic data
presented above.
One region of Gag for which there is very little

direct structural information is the p2 linker peptide
between CA and NC. This region plays a critical role
) from P(r) Dmax (Å) I(0) cm−1 from P(r) MW (Da)

38±1 125 0.10±0.01 67,000±5000
35±1 110 0.041±0.002 54,000±5000
35±1 110 0.019±0.001 51,000±4000

from several fits to the data in the case of both Guinier and P(r)
0) values from the P(r) analysis. Errors on the concentration values
esting several values of Dmax in the P(r) analysis and choosing the
at from Guinier analysis.
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in proper particle assembly.21,22 It has been sug-
gested that p2 possesses a helical structure,21,23 but
nuclear magnetic resonance (NMR) studies show
that its helical content in solution is very limited.24,25

One step in our modeling was to evaluate a series of
possible generic p2 structures, i.e. extended random
coil, completely α-–helical, and partially α-–helical.
In turn, the extended coil and fully helical p2
conformations were modeled to be on either the x,
y, or z axis relative to the CTD of CA, while the
partially helical conformation was simulated in two
possible orientations. For each of these eight possi-
bilities, we attached 20MA-CA and 30NC structures
derived from NMR and crystallography (see Materi-
Figure 4. Evaluation of model structures for the WM G
structures with (a) extended random coil p2 structures; (b) h
(d)–(f) Detailed evaluation of the structures in each group exhi
main panel shows the calculated Guinier plot for the best (
compared with the Guinier plot obtained experimentally at 1 m
p2 structures. (f) Partially helical p2 structures. Also shown in
structures. The inset table shows the χ2 values for the Guinier
worst structures.
als and Methods) to create a total of 4800 structural
models for Gag.
The diversity of structures encompassed by these

models is indicated pictorially in Supplementary
Data, Figure S1, which depicts a composite of all
4800 structures. It is clear from the picture that the
position of the MA domain (in blue) is not fixed
relative to the NTD of CA (silver), but rather
“sweeps out” a large volume of space around the
latter. In addition, the diversity of NC structures
(mauve), in combination with the eight hypothetical
p2 structures (two of which are visible in purple),
leads to wide variation in the overall shape and
orientation of the C-terminal portions of the protein.
ag protein. (a)–(c) Rg frequency distributions for model
elical p2 structures; and (c) partially helical p2 structures.
biting the best and worst fits to the experimental data. The
continuous line) and worst (broken line) in each group,
g/ml. (d) Extended random coil p2 structures. (e) Helical
(d)–(f) are images of the best (black) and worst (colored)
plot and the calculated Rg and Rh values for the best and
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For each of the 4800 structures, the expected SANS
spectrum and the corresponding Rg and Rh values
were calculated from the atomic coordinates. These
predicted results were then compared with the
experimental SANS data in two steps. In Figure 4 we
have divided the structures into three groups,
representing the three trial p2 structures (linear,
helical, and partially helical). Thus, there are 1800
structures each for the linear (Figure 4(a) and (d))
and helical (Figure 4(b) and (e)) p2 segments, along
with 1200 structures for the partially helical struc-
tures shown in Figure 4(c) and (f). Figure 4(a)–(c)
show the distribution of Rg values of the 4800
structures. It is obvious from Figure 4(a) that all of
the structures with an extended, linear random coil
for p2 are incompatible with the experimentally
determined Rg value of 34 Å. In contrast, the fully
helical and the partially helical p2 sets (Figure 4(b)
and (c)) both have a wide distribution of Rg values,
including a minor fraction of structures with Rg
values less than 40 Å.
We also used χ2 analysis to quantitate the degree

to which the computed SANS spectrum for each
structure matched the experimental SANS results
for WM Gag. Figure 4(d)–(f) shows, for each of the
three groups, a comparison between the best and
worst fits in the group with the data. The inset tables
also show the χ2 values and predicted Rg and Rh
values for the structures with the best and worst fits.
Finally, the Figure also presents space-filling models
of the best (black) and worst (grey) structures. In all
cases the lower portion of the structure is the NC
region of the full-length WM Gag molecule, and the
structures are oriented so that one can follow the
structure continuously to the MA or amino terminus
Figure 5. Evaluation of 4800 model structures of the WM
consistency with the SANS data was calculated. The model
configuration of the MA domain. Structures with extended p2 r
triangles, and those with partially helical p2 by circles. Four gr
χ2 values. The inset table shows these values, along with the ca
these four groups. These structures are depicted on the right sid
these structures are: group 1, 100 Å; groups 2 and 3, 110 Å; gr
of the protein. Since the CA structure was not varied
in these models, the best and worst structures share
their CA domain and only a single black CA region
is shown. Again, it is obvious from the inset tables
that structures with an extended linear p2 region
(Figure 4(d)) provide very poor fits to the data, since
the Rg value of the best structure (44 Å) is much
higher than the experimental value (34 Å), and the
χ2 value is 7.1. However, either of the helical p2
structures (Figure 4(e) and (f)) can lead to structures
that are in fairly good agreement with the SANS
spectra, with the best fit arising from the partially
helical p2 structures (Figure 4(f)). Results from the
Rh calculations follow the same trend, in that the
predicted Rh value for the best structure in Figure
4(d) is considerably higher than the experimental
value of 41 Å, while those in Figure 4(e) and (f) are
reasonably close to this value.
Figure 5 displays the χ2 values for the entire

ensemble of 4800 structures. In this analysis, the
structures are not grouped by their p2 structures (as
in Figure 4), but rather are divided into 20 groups
(numbered 1–20) according to the structural orienta-
tion of theMA region relative to the CA region of the
protein. Since all of the structures in any given group
have a common MA-CA orientation, all of the
variation within a group arises from the differences
in p2 and NC structures and orientations. Each
group spans a wide range of χ2 values (Figure 5);
thus the configuration of the C-terminal portion of
the protein has a significant effect on the fit. (This is
also clear in Figure 5 from the fact that structures
denoted by circles and triangles, representing the
helical p2 structures, tend to have lower χ2 values
than those denoted by plus signs.) However, it is
Gag protein. For each model structure, the χ2 value for
structures are divided into 20 groups according to the
egions are indicated by plus signs, those with helical p2 by
oups, arbitrarily numbered 1, 6, 7, and 18, gave the lowest
lculated Rg and Rh values, for the best structure in each of
e of the Figure. The approximate “vertical” dimensions of
oup 4, 130 Å.
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evident that there are four groups (i.e. groups 1, 6, 7,
and 18) that give far better fits to the SANS data than
the remaining 16 groups. The inset table in the left
panel of the Figure shows theχ2 values andpredicted
Rg andRh values for the best structure in each of these
groups. Finally, space-filling models of these indivi-
dual best structures are presented on the right side of
the Figure. In all cases, regardless of the p2 structure
used, the best fits are obtained with compact MA
structures, and withMA in relatively close proximity
to CA. It is also clear that the four structures shown
are quite different from each other, but are nearly
comparable in the degree to which they fit the data.
Presumably, since Gag is a flexible molecule, there is
no single correct structure; rather, this type of analysis
helps eliminate improbable conformations and focus
on families of favored structures.
Discussion

We have studied the solution properties of
assembly-competent HIV-1 Gag protein, the poly-
protein precursor which is responsible for formation
of HIV-1 virus particles. To our knowledge, this
represents the first analysis of this type for any
retroviral Gag protein. As we report in the accom-
panying paper,6 the protein is in monomer–dimer
equilibrium.Mutation of a pair of key residues at the
dimer interface in the CTD of the CA domain greatly
attenuates the tendency of the protein to dimerize;
thus, it seems very likely that dimerization of Gag is
mediated by this same interface. We now present
biophysical and functional studies, which suggest
that the mutant protein, which we refer to as WM
Gag, is similar in overall structure to monomeric
wild-type Gag (Figure 1).
The properties of WM Gag have been analyzed in

some detail. The Rh and Rg values of the protein
suggested that it is highly asymmetric, rather than
globular (Figures 2 and 3). The large surface area of
this multi-domain protein is presumably responsi-
ble for its high frictional ratio. Finally, modeling
studies were performed to identify possible struc-
tures for WM Gag that would contain the known
structures of the isolated MA, NTD, CTD, and NC
domains and would be consistent with our hydro-
dynamic and SANS results. These studies suggested
(Figures 4 and 5) that the most probable structures of
WM Gag (and, presumably, of a monomer of wild-
type Gag) are folded over, so that the N-terminal
MA domain is relatively close to the C-terminal NC
domain in three-dimensional space. This conclusion
is entirely consistent with the results of inositol
hexakisphosphate binding studies presented in the
accompanying paper (Datta et al.6).
It is crucial to understand that there is probably no

single, unique structure for the molecule, since it
contains several flexible regions; rather, the model-
ing is an attempt to identify a population of possible
structures that are consistent with the data. We also
considered the possibility that the conformation of
the protein is somewhat different at physiological
ionic strength and in 0.5 M NaCl, where our studies
were performed. In particular, the high ionic
strength used here would be expected to decrease
the repulsion between the MA and NC domains,
which are both quite basic in character. However,
additional SANS data showed that WMGag protein
gives virtually superimposable scattering spectra at
0.5 M and 0.17 M NaCl (data not shown); thus the
properties of the protein under physiological condi-
tions are probably very similar to what we observed
at the higher salt concentration.
Three independent hydrodynamic tests, i.e. size-

exclusion chromatography, QELS, and SV analysis,
all gave frictional ratios for WM Gag protein of
1.59–1.67, suggesting that it is a highly asymmetric
molecule. The hydrodynamic and SANSdata showed
that the protein has an Rg value of 34 Å and an Rh
value of 41 Å. These values are clearly higher than
those expected for a sphere of MW 5×104 Da (18.9 Å
and 27.4 Å, respectively, assuming 0.3 g of H2O per g
of protein in the Rh calculation). At the same time,
they are far lower than those for a rod-shaped
molecule of the same mass. For example, the Gag
molecules in immature HIV-1 particles are approxi-
mately 250 Å long;26 the Rg value of these rods
would be (1/12)1/2 times the length of the rod, or
∼72 Å. Since there are known to be several flexible
regions in the molecule, it seems likely that the high
frictional ratio does not reflect a rigid, extended
structure like a prolate ellipsoid, but rather the
multi-domain character of the protein.27 One would
expect the peak value of P(r) for a protein composed
of a series of globular domains to be the average of
the peak P(r) values for the individual domains,
while the Dmax value would be significantly larger
than those for the domains. In accordance with these
expectations, the peak P(r) for WM Gag, 30 Å
(Figure 3(b)), is similar to the individual dimensions
of the MA, NTD, and CTD domains, but the Dmax
value for the protein is 110 Å (Figure 3(b)).
It seems possible that the folded conformation of

Gag is caused by a specific interaction between its
MA and NC domains. Alternatively, however, the
conformation could be due to simple entropic effects:
that is, in the absence of specific constraints, a fully
extended arrangement of the domains in a multi-
domain protein is relatively unlikely. While our data
cannot exclude the possibility of a specific interaction
between the terminal regions of the protein, we tend
to favor the entropic explanation because of its
simplicity. In addition, it is clear that theMA domain
can adopt a wide variety of orientations relative to
the NTD of CA (see Supplementary Data, Figure
S1),16 and free NC is largely unstructured except for
its two zinc fingers, as indicated by the diversity of
structures in the 1MFS series. A specific interaction
between the MA and NC domains also seems
unlikely in view of these considerations. However,
the data clearly indicate thatMAandNC can be close
together in three-dimensional space, and thus it is
possible that both ends of the protein may interact
with the same binding partner(s) under specific
circumstances in vivo.
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It is instructive to compare the evaluations of the
4800 models in Figures 4 and 5. In Figure 4, the
models are divided into three groups according to
their p2 structures, while in Figure 5 they are
grouped according to their MA structures. Figure
4(a) and (d) shows that an extended p2 is incompa-
tible with the data, since the best structure in this
group has a relatively high χ2 value (7.1) when
tested against the SANS data. However, the overall
properties of the three groups are otherwise rather
similar to each other: in each case, the Rg values span
a range of ∼40 Å, and all three groups include
structures with very poor fits (χ2≥25). In contrast,
the disposition of the MA domain relative to CA
appears to have a greater role in determining how
well the model fits the SANS data. In this case
(Figure 5), 16 of the 20 MA orientations give very
poor fits to the data, with all of their χ2 values
ranging between ∼10 and ∼30. In stark contrast, fits
obtained with the remaining four orientations are
far superior, giving χ2 values between <2 and ∼10.
In all of the 960 structures in these four groups, the
majority of MA is in close proximity to the majority
of CA (see right side of Figure 5). In other words, it
would appear that the most salient feature of a
model that fits the data well is that MA is near CA.

Implications for HIV-1 particle assembly

The data presented here and in the accompanying
paper strongly suggest that the dimer interface in the
CTD of CA is exposed and active in the uncleaved
Gag protein. Several lines of evidence indicate that
this interface in CA is involved in the assembly of
mature cores following maturation cleavage of
Gag.17,28–30 However, it is not known whether the
same interface in Gag is used in immature particle
assembly. Our data show that the ability of the WM
mutant Gag to dimerize is reduced by ∼ two orders
of magnitude, but is not eliminated (Datta et al.,
accompanying paper6; see also Figure 3, above). We
found that this protein can nevertheless assemble
into small VLPs in vitro (Figure 1(b)) and into
particles in mammalian cells (Figure 1(c)); these
observations might tend to suggest that the interface
is not essential for particle assembly. On the other
hand, the mutation had definite effects on assembly:
the small VLPs were more salt-labile than those
assembled from wild-type Gag (data not shown); no
large VLPs were observed in the presence of RNA
and IP5 (data not shown); and the level of virus
production in mammalian cells was modestly
reduced by the mutation (data not shown).17 Most
strikingly, the particles assembled in vivo from the
mutant protein were considerably less regular and
spherical than wild-type controls (Figure 1(c)).
Taken together, the data indicate that the dimer

interface does participate in immature particle
assembly. It is striking that a ∼100-fold change in
the strength of dimeric association (accompanying
paper) has such mild effects upon assembly. How-
ever, it is important to remember that a particle is
formed by the association of hundreds or thousands
of Gag molecules, and the sum of their interactions
might well be sufficient to maintain particle struc-
ture even when each individual interaction is far
weaker than in wild-type VLPs.31 The binding of
Gag protein in the cell to the plasma membrane, to
RNA, or to both, may also facilitate particle as-
sembly in vivo by helping to concentrate Gag
molecules at specific sites in the cell.
The foregoing discussion has dealt exclusively

with assembly by the Gag protein, which forms the
immature virion in vivo. After the immature particle
is released from the cell, the cleavage of Gag by PR
leads to a global structural reorganization of the
particle. One of the defining features of the mature
particle is the “mature core”, which is a densely
staining region within the virion. The mature core is
composed of CA molecules. It has recently been
found that only ∼1/4–1/3 of the CA molecules in a
mature HIV-1 particle are part of the mature core
structure, while the remaining CA proteins are ap-
parently free “in solution” within the particle.32–34
This observation suggests that the formation of the
mature core represents a second, independent
assembly event during the replication cycle of the
virus, rather than a rearrangement or “adjustment”
of the existing contacts between the CA domains of
Gag proteins in the immature particle. The structure
of the mature core is relatively well understood, and
an extensive literature makes it clear that the dimer
interface within the CTD of CA plays a critical role in
this structure.11,17,28,30 Thus, one major conclusion
that emerges from the present work is that the same
interface probably participates in both of the
assembly events, i.e. formation of the immature
particle and the subsequent formation of the mature
core. This dual functionality would appear to make
this interface a particularly attractive target for
therapeutic intervention.
As pointed out in the accompanying paper, the

fact that Gag is evidently folded over in solution
carries another significant implication for virus
assembly. Since an immature retrovirus particle is
composed of highly elongated, rod-shaped Gag
molecules,26,35,36 a Gag molecule must undergo a
drastic conformational change during the process of
assembly. It would obviously be of great importance
to learn what induces this change.
Materials and Methods

Protein expression and purification

Gag protein was expressed and purified as described in
the accompanying paper (Datta et al.6). 2H2O was sub-
stituted for H2O in the buffer used for SANS experiments.

VLP production in mammalian cells

The full-length, myristylated HIV-1 Gag protein and the
corresponding WM mutant protein were expressed in
mammalian cells by transient transfection (using Transit
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293 [Mirrus] according to the manufacturer's instructions)
of the plasmid pCMV55M1-10 and the WMmutant of this
plasmid into 293T cells. This plasmid encodes a Rev-
independent HIV-1 gag gene, containing a number of
silent mutations eliminating the Rev requirement, under
the control of the cytomegalovirus major late promoter.37

Three days after transfection, the cells were fixed and
processed for electron microscopy as described.38

Mutagenesis

Mutations were introduced into the mammalian Gag
expression vector pCMV55M1-10 by QuikChange (Stra-
tagene), according to the manufacturer's instructions.

In vitro assembly and analysis by EM

Proteins at 5–10 mg/ml in storage buffer were diluted to
1 mg/ml by dropwise addition of 20 mM Tris (pH 8.0),
10 mM DTT at room temperature. Yeast tRNAwas added
prior to dilution at a protein:RNA ratio of 4% (w/w).
Assembly reactions were allowed to proceed for 2 h before
examination by negative staining using 2% (w/v) uranyl
acetate on Formvar-coated grids.

Size exclusion chromatography and light scattering

A Rainin HPXL solvent delivery system connected to a
Rainin Dynamax UV-1 detector and a Wyatt systems
Dawn EOS static and quasi-elastic light scattering detector
was used to study the hydrodynamic properties of the
proteins on a Superose 12 (GE Healthcare) column.
Solvent viscosity of 0.00936 centipoise and a temperature
dependence of (−1.95E-4 g/cm s K) were assumed. Data
collected simultaneously from light detectors 5 through
18, with the exception of detector 13, was used for SLS,
while detector 13 was modified for QELS measurements.
Other details were as described in the accompanying
paper (Datta et al.6). The column was calibrated with
standards (GE Healthcare) including RNase A (Rh 16.4 Å);
chymotrypsin (Rh 20.9 Å); ovalbumin (Rh 30.5 Å); BSA (Rh
35.5 Å); aldolase (Rh 48.1 Å); and catalase (Rh 52.2 Å).

Sedimentation velocity measurements

Boundary SVanalysis was carried out in an Optima XL-
A analytical ultracentrifuge (Beckman-Coulter Instru-
ments); 1 mM DTT was included in the buffer used in
these experiments. SV analysis was performed at 20 °C.
The centrifuge cell was filled with 400 μl of protein
solution. Absorbance scans were obtained at either 280 nm
or 250 nm. To deconvolute the boundary velocity data into
sedimenting species, we analyzed the sedimentation
coefficient distribution with previously described compu-
tational methodology.39 This approach is implemented
using the public domain software Sedfit†. Briefly, the
sedimentation boundary velocity data were subjected to
maximum entropy regularization statistical analysis for
the most parsimonious distribution of sedimenting
species39 that best fit the data. The results of this
computational analysis give c(s) versus s plots where c(s)
is the concentration of protein divided by the sedimenta-
tion coefficient at the respective s position. Hydrodynamic
†http://www.analyticalultracentrifugation.com
analysis of the data was performed using the software
Sednterp‡. Sednterp was also used to determine the
partial specific volume of the proteins and the viscosity (η)
and density (ρ) for the buffers used in the sedimentation
analyses.

Circular dichroism

CD measurements were performed using an AVIV 202
spectropolarimeter. Proteins were analyzed at 10–15 μM in
10 mM sodium phosphate (pH 7.6),0.5 M NaCl,1 mM
DTT. Far UV CD spectra were acquired in 0.1 cm path-
length cells. The temperature was maintained at 25 °C
using a Peltier temperature controller.

SANS measurements

SANS measurements were performed on the 30-meter
SANS instruments at the NIST Center for Neutron
Research in Gaithersburg, MD.40 The neutron wavelength,
λ, was 5 Å, with a wavelength spread, Δλ/λ, of 0.15.
Scattered neutrons were detected with a 64 cm×64 cm
two-dimensional position-sensitive detector with 128×128
pixels at a resolution of 0.5 cm/pixel. Raw counts were
normalized to a common monitor count and corrected for
empty cell counts, ambient room background counts and
non-uniform detector response. Data were placed on an
absolute scale by normalizing the scattered intensity to the
incident beam flux. Finally, the data were radially-
averaged to produce scattered intensity, I(Q), versus Q
curves, where Q=4πsin(θ)/λ and 2θ is the scattering
angle. Sample-to-detector distances of 5.0 m and 1.5 m
were used in order to cover the range 0.009 Å−1 ≤ Q ≤
0.25 Å−1. The scattered intensities from the samples were
then further corrected for buffer scattering and incoherent
scattering from hydrogen in the samples.

SANS data analysis

Initial data analysis was performed using the Guinier
approximation, I(Q)= I(0)exp(−Q2Rg

2/3), on the low-Q
portions of the data to obtain initial values for the radius
of gyration,Rg, and the forward scattering intensity, I(0), of
the samples. This analysis is valid only in the region where
QRg∼1. The GNOM program,41 which makes use of all of
the data, rather than a limited data set at small Q values,
was used to determine the distance distribution function,
P(r); the radius of gyration, Rg;; and the forward scattering
intensity, I(0). This analysis requires the stipulation of a
maximum dimension, Dmax, beyond which P(r) = 0.
Typically, several values of Dmax are explored in order to
find the range over which the P(r) function is stable. Since
all of the data are used, this approach typically leads to
more accurate determinations of Rg and I(0).
The molecular weight, MW, of the Gag protein was

calculated from the forward scattering, I(0), usng the
equation:

Ið0Þ ¼ nðDUVÞ2 ð1Þ
whereΔρ=(ρ−ρs) is the contrast, or the difference between
the scattering length density of the molecule (ρ) and the
solvent (ρs), n is the number density of molecules and V is
the molecular volume. The number density can be written
as n=cNA/Mw, where c is the concentration, and NA is
‡http://www.bbri.org/RASMB/rasmb.html

http://www.analyticalultracentrifugation.com
http://www.analyticalultracentrifugation.com
http://www.bbri.org/RASMB/rasmb.html
http://www.bbri.org/RASMB/rasmb.html
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Avogadro's number. The volume can be written as
V=Mw/(NAd), where d is the mass density. Now, equation
(1) can be rewritten as:

Ið0Þ
c

¼ ðDUÞ2
NAd2 MW ð2Þ

The only unknown parameter in equation (2) is the Mw,
since all other parameters can be measured or calculated.
The I(0) value is generally taken from the GNOM41

analysis of the data. The concentration can be directly
measured during sample preparation and Δρ can be
calculated from the chemical composition of the sample
and solvent. The mass density, d, is taken as the inverse of
the partial specific volume, which is assumed to be
0.73 cm3/g. It is important to note that I(0) must be on
an absolute scale, usually in cm−1, in order to obtain
accurate Mw values from equations (1) or (2).
Modeling the WM Gag protein

The basic strategy used to construct full-length models
of the Gag protein was to connect the individual domains
using atomic coordinates from previously determined
experimental structures. In one case, the existing structures
overlap in structurally rigid regions of the protein, making
unambiguous constructions possible in this region. Addi-
tionally, we exploited the fact that a collection of structures
has been determined for theMA (20 structures) andNC (30
structures) domains by NMR spectroscopy, thus allowing
for a degree of experimentally grounded structural hetero-
geneity in our modeling effort.
For the purposes of this modeling, the protein was

divided into four regions. Region A consists of residues
1–144 of Gag. This roughly corresponds to the MA
domain (residues 1–132), but also contains 12 residues
from the N terminus of CA. The coordinates for 20
versions of region Awere taken from the 1L6N structure,
which includes residues 1–278.16 They were joined to a
single set of coordinates (structure 1E6J) for region B,
which consisted of residues 145–352.42 This sequence
constitutes nearly all of CA. Since the protein analyzed in
the 1E6J structure has an N-terminal extension and lacks
the authentic N-terminal proline of HIV-1 CA protein, it
does not form the β-hairpin found at the N terminus of
mature CA. The overlap between the 1L6N and 1E6J
structures (i.e. residues 145–278) was aligned by the
algorithm of Kabsch,43,44 using the backbone atoms of
the connecting polypeptide fragments. Region C (resi-
dues 353–377) contained the last 11 residues of CA
together with the p2 “spacer” between CA and NC.
There is no published structural information on this
stretch of Gag, and eight hypothetical models of its
structure were incorporated into the Gag models as
described below. Finally, region D is identical to the 55
residues of mature NC protein (residues 378–432 of Gag).
Thirty versions of region D were taken from 1MFS.45

Although the protein studied experimentally in this work
also contains, at its extreme C terminus, the 16-residue
“spacer” found between NC and p6 in authentic HIV-1
Gag protein, this spacer (approximately 3.5% of the
protein) was not included in the models we constructed.
Structures were minimized using the CHARMM-22 force
field46 incorporated in the CHARMM molecular
dynamics program.47 Use of the 1E6J coordinates for
CA, containing a single structure comprising both the
NTD and CTD of CA, may lead our models to slightly
underestimate the flexibility of the Gag protein.
Since no definitive structural information exists for
region C, we evaluated three possible models of this
region of the protein with the goal of excluding certain
structures or orientations by comparison of the theoretical
SANS spectra with the experimental data. It was modeled
as linear random coil (89 Å linear length) or completely
helical (39 Å linear length) using CHARMM. In turn, each
of these models was made parallel to one of the three
principal axes of CA (see below). Two additional con-
figurations of region C, termed “partially helical”
structures (each 24 Å in length), were selected from a
pair of simulated annealing runs. Briefly, a completely
helical region C was attached to the coordinates of region
B and solvated with TIP3P water48 for a total of ∼45,000
atoms. One hundred cycles of heating at 1400 K (100 ps),
cooling to 300 K, and equilibration at 300 K (100 ps) were
performed using periodic boundary conditions. The
coordinates of the CA domain were held fixed. In both
cases, the initial helical structure was largely lost after 20
cycles and only minor structural variations occurred after
50 cycles.
At present, there are no experimental coordinates at

either the B:C or the C:D junction. Regions B and C were
joined as follows. The backbone dihedral angles of the last
four residues of region B were varied such that the first
four residues of region C were aligned along one of the
three principal axes of CA. After forming the peptide bond
between regions B and C at each of the orientations, the
atoms of the last four amino acids of B and the first four
amino acids of C were energy-minimized while keeping
all other atoms rigid. In contrast, regions C and D were
joined simply by forming a peptide bond between the last
amino acid of C and the first amino acid of D.
When assembled in all possible combinations, the 20

region A structures, single region B structure, eight region
C structures, and 30 region D structures generated 4800
models of theWMGag protein. The resulting models were
then energy-minimized using CHARMM. Predicted
SANS spectra were calculated for each of the models
using the program Xtal2Sas.49,50 The calculated results
were compared to the SANS intensity at 19 values of Q
from 0.01 to 0.18 Å−1 sampled every 0.01 Å. I(0) was
estimated from the Guinier extrapolation to Q=0. The
quality of the fit was determined by calculating:

v2 ¼ 1
ðN � 1Þ

X

Q

ðIexpðQÞ � IcalculatedðQÞÞ2
jexpðQÞ2 ð3Þ

value over the N=19 grid points. Rh values for each
structure were computed using HYDROPRO.51 For
simplicity, region A is referred to as the MA domain, B
the CA domain, C the p2 domain, and D the NC domain in
the descriptions of the models elsewhere in this paper.
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