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Immature retrovirus particles are assembled from the multidomain Gag protein. In these particles, the Gag
proteins are arranged radially as elongated rods. We have previously characterized the properties of HIV-1 Gag
in solution. In the absence of nucleic acid, HIV-1 Gag displays moderately weak interprotein interactions,
existing in monomer-dimer equilibrium. Neutron scattering and hydrodynamic studies suggest that the protein
is compact, and biochemical studies indicate that the two ends can approach close in three-dimensional space,
implying the need for a significant conformational change during assembly. We now describe the properties of
the Gag protein of Moloney murine leukemia virus (MLV), a gammaretrovirus. We found that this protein is
very different from HIV-1 Gag: it has much weaker protein-protein interaction and is predominantly mono-
meric in solution. This has allowed us to study the protein by small-angle X-ray scattering and to build a
low-resolution molecular envelope for the protein. We found that MLV Gag is extended in solution, with an
axial ratio of �7, comparable to its dimensions in immature particles. Mutational analysis suggests that runs
of prolines in its matrix and p12 domains and the highly charged stretch at the C terminus of its capsid domain
all contribute to this extended conformation. These differences between MLV Gag and HIV-1 Gag and their
implications for retroviral assembly are discussed.

Expression of a single virus-coded protein, termed Gag, in
permissive host cells is sufficient for efficient assembly of im-
mature retrovirus-like particles (VLPs) (52). In most retrovi-
ruses, Gag molecules are initially targeted to the plasma mem-
brane where they accumulate and organize into a protein
lattice, ultimately leading to the formation and budding of
immature VLPs. After the immature particle is released from
the cell, the Gag proteins within it are cleaved by the viral
protease into their constituent domains to form a mature virus.
Immature VLPs are roughly spherical, pleomorphic mem-
brane-enclosed structures, with a diameter of �120 nm. Under
the membrane exterior, several thousand Gag molecules are
arranged radially, with their matrix (MA) domains in contact
with the lipid bilayer and their nucleocapsid (NC) domains
facing the interior of the particle, presumably interacting with
RNA. The Gag proteins in the immature particle are highly
extended rods, with a length of �20 nm and a width of only �2
to 3 nm (2, 57, 58).

Each Gag protein molecule that participates in the struc-
tural lattice of these nearly regular VLPs must interact in a
highly specific way with several other Gag molecules. In turn,
these interactions must depend upon the overall conformation

of the participating monomers. A structural feature of the
immature protein lattice, conserved in all retroviruses studied,
is the hexagonal arrangement of Gag molecules, mediated
largely by interactions between their CA domains (13). The
presence of irregular defects, which allows for curvature of the
hexagonal lattice to form an enclosed sphere, has been ob-
served in several retroviruses (13, 57).

The similarity in organizational principles of immature ret-
roviral VLPs across genera might suggest similarities in the
overall structural properties of Gag proteins. Indeed, there are
conserved features between Gag proteins from different gen-
era, despite a low degree of sequence conservation. All retro-
viral Gag proteins are multidomain proteins, always containing
(from the N terminus to the C terminus) the MA, capsid (CA),
and NC domains (52), though Gag proteins often contain one
or more genus-specific domains in addition to the three canon-
ical domains. Structural studies on isolated domains of Gag
reveal conservation in three-dimensional shape: the MA do-
mains of HIV-1, equine infectious anemia virus, Rous sarcoma
virus, and Moloney murine leukemia virus (MLV) Gag show a
remarkable similarity in three-dimensional shape (8, 21, 22, 32,
34, 45), as do the N-terminal domains (NTDs) of CA from
HIV-1 and MLV (18, 35). In contrast to studies on isolated
domains, detailed structural information on intact Gag poly-
proteins has not been forthcoming, presumably due to their
larger size and conformational heterogeneity.

We have previously analyzed the properties of purified, re-
combinant unmyristoylated HIV-1 Gag protein. The free pro-
tein is soluble but assembles spontaneously into VLPs upon
addition of nucleic acid (3, 4). In the absence of nucleic acid,
the protein is in monomer-dimer equilibrium in solution; the
dimerization interface was localized to the C-terminal portion
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(CTD) of the CA domain (12). This interface in mature CA
protein was previously shown to participate in the assembly of
the conical core structure within mature HIV-1 particles (30,
54, 55) and is probably involved in the assembly of Gag pro-
teins into immature HIV-1 particles as well.

Monomeric HIV-1 Gag protein appears to adopt relatively
compact conformation(s) in solution (9), or when bound to
lipid membranes (10), and biochemical experiments suggest
that its N and C termini can be quite near each other in
three-dimensional space (12). It is known to contain several
unstructured and/or flexible regions, including the C-terminal
regions of the MA (32, 53) and CA (19, 55) domains, the SP1
linker (38), and the NC domain (28). Since it is compact in
solution but extended in VLPs, assembly must involve a reor-
ganization of the relative positions of its major globular do-
mains.

In the present report, we describe the properties of the
recombinant unmyristoylated Gag protein from MLV, a pro-
totypical gammaretrovirus. While immature MLV particles are
very similar in overall structure and organization to immature
HIV-1 particles (17, 58), we found that monomeric MLV Gag
molecules are different in several respects from their HIV-1
counterparts. MLV Gag has a much weaker propensity for
interprotein interactions and is monomeric under dilute con-
ditions. Moreover, despite being a multidomain protein, MLV
Gag has a rigid and extended structure, with dimensions in
solution similar to those in VLPs. Its rodlike shape implies that
the linkers between its domains are all relatively rigid. The
implications of these observations are discussed.

MATERIALS AND METHODS

Recombinant protein expression and purification. Beginning with an infec-
tious molecular clone of MLV, expression plasmids for MLV Gag, mutants, and
chimeras (see Fig. 1A) were generated in pET3xc vectors by standard molecular
cloning protocols and expressed in BL21-CodonPlus-(DE3) RPIL Escherichia
coli (Stratagene). HIV-1 Gag protein was purified using phosphocellulose chro-
matography as described earlier (11, 12). Plasmids containing MLV/HIV-1 chi-
meras were kindly provided by Michael Emerman, Fred Hutchinson Cancer
Research Center. The mutant MLV 18PA has 18 of its proline codons (at
positions 92 to 94, 105 to 107, 109, 110, 124, 125, 161 to 163, 169 to 171, 203, and
204) replaced with alanine codons. Cells expressing proteins were grown to an
optical density of �0.8 and induced with 0.4 mM IPTG (isopropyl-�-D-thioga-
lactopyranoside) for 5 h at 37°C. The purifications of the MLV Gag proteins and
chimeras were similar to that of the HIV-1 Gag protein (11, 12). Briefly, MLV
Gag was fractionated from the cell lysate by the addition of saturated ammonium
sulfate to 40% saturation. The precipitated proteins were resolubilized in 20 mM
Tris-HCl (pH 7.4)–0.5 M NaCl–5 mM dithiothreitol (DTT) and purified by
phosphocellulose (PC) affinity chromatography as described for HIV-1 Gag (11,
12). The PC-purified MLV Gag proteins were further purified by size exclusion
chromatography (SEC) on a Superose 12 column (GE Healthcare), equilibrated
in 20 mM Tris-HCl (pH 7.4)–0.5 M NaCl–5 mM DTT, and stored at �80°C after
the addition of glycerol to 10% (vol/vol). For sedimentation equilibrium (SE)
experiments and small-angle X-ray scattering (SAXS) measurements, the pro-
tein was further purified on an SP-Sepharose column (GE Healthcare) and
dialyzed into 20 mM Tris-HCl (pH 8.0) with 0.5 M NaCl and 1 mM tris(2-
carboxyethyl)phosphine (TCEP).

In vitro assembly. MLV Gag at 1 mg/ml in 20 mM Tris-HCl (pH 7.4)–0.5 M
NaCl–5 mM DTT was incubated with 10% (wt/wt) yeast tRNA and subjected to
overnight dialysis at 4°C against 20 mM Tris-HCl (pH 8.0)–0.1 M NaCl–5 mM
�-mercaptoethanol (assembly buffer). Assembled VLPs in the dialysate were
visualized by electron microscopy (EM) after negative staining with 2% uranyl
acetate.

Analytical ultracentrifugation. All sedimentation equilibrium (SE) experi-
ments were carried out at 4°C in an Optima XL-A analytical centrifuge (Beck-
man-Coulter Instruments). Protein samples were in 20 mM Tris-HCl (pH 7.4)–
0.5 M NaCl–1 mM TCEP. For SE, 12-mm cells were loaded with 180 �l of

protein, while 3-mm cells were loaded with 50 �l and centrifuged to equilibrium
at 8,000, 10,000, and 15,000 rpm. The data were acquired at 280 and 254 nm at
radial increments of 0.001 cm and with 10 repeats. The software Sedenterp
(http://www.bbri.org/RASMB/rasmb.html) (26) was used to estimate the partial
specific volumes of proteins and buffer parameters, viscosity (�), and density (�).
Data analysis was performed using SEDPHAT (46; reviewed in reference 27).
The goodness of fit in SEDPHAT is the “reduced chi-square” value (�2).

Boundary sedimentation velocity (SV) experiments were performed at 45,000
rpm and 20°C or 4°C, using either 400 �l (12-mm cells) or 100 �l (3-mm cells)
of sample. The data acquired at 280-nm and 0.003-cm radial increments were
analyzed with SEDFIT (http://www.analyticalultracentrifugation.com/), using
previously described computational methodology (47). Briefly, the SV data were
subjected to maximum entropy regularization with the confidence level set to P �
0.95 for the most parsimonious distribution of sedimenting species. The results of
this computational analysis give c(s) versus s plots, where c(s) is the concentra-
tion of protein divided by the sedimentation coefficient at the respective s
position.

SEC 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 (SLS and QELS, respectively) detector was used to
study the hydrodynamic properties of the proteins on a Superose 12 (GE Health-
care) column. A solvent viscosity of 0.00936 centipoise and a temperature de-
pendence of �1.95E�4 g/cm s K were assumed. The data collected simultane-
ously from light detectors 5 through 18, with the exception of detector 13, were
used for SLS, while detector 13 was modified for QELS measurements.

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), bovine serum
albumin (BSA; Rh 35.5 Å), aldolase (Rh 48.1 Å), and catalase (Rh 52.2 Å), for
the determination of Rh from retention time. Retention time was used to cal-
culate the parameter (KD)1/3, which has a linear relationship to the Rh of the
eluting species (48). Sample proteins, except for MLV 18PA and M/HIV, were
injected onto the column at concentrations of 2 to 3 mg/ml, such that the
concentrations in the eluting peaks ranged from 0.22 to 0.35 mg/ml. M/HIV and
MLV 18PA were injected at �0.8 mg/ml, resulting in concentrations of � 0.06
mg/ml in the eluting peaks.

SAXS and modeling. Both SAXS and wide-angle X-ray scattering (WAXS)
were performed at beam lines 12-ID of Advanced Photon Sources (APS) at
Argonne National Laboratory (Chicago site). The wavelength (	) of X-ray ra-
diation was set as 0.689 Å, and the scattered X-ray photons were recorded with
a charge-coupled device X-ray detector. A cylindrical quartz capillary X-ray flow
cell with a diameter of 1.5 mm and a wall of 10 �m was used. The X-ray beam,
with size of 0.1 by 0.2 mm2, was adjusted to pass through the center of the cell.
The exposure time was set to 0.4 to 0.6 s to avoid detector saturation and
radiation damage. Potential radiation damage was further reduced by maintain-
ing a constant flow of the samples. The range of momentum transfer q (� 4

sin�/	, where 2� is the scattering angle) of SAXS experiments was 0.006 to 0.260
Å�1 and that of WAXS was 0.1 to 2.6 Å�1. Twenty images were acquired for
each sample or buffer solution. The two-dimensional scattering images of buffers
and samples, azimuthally averaged after solid angle correction, were normalized
with the intensity of the incident X-ray beam. The resulting one-dimensional
scattering data sets were averaged before buffer background subtraction. The
background subtractions were performed as follows. First, the WAXS profile was
obtained by using equation 1:

Isolute�q
 � Isample�q
 � �Ibuffer�q
 (1)

The value of �, an adjustable parameter, was tuned to eliminate the scattering
from buffer, indicated by the disappearance of the solvent peak at �2.0 Å �1.
The resulting WAXS profile was then used as a guide for the SAXS background
subtraction, by tuning the value of � in SAXS subtraction and overlaying the
resulting SAXS profile with the WAXS profile at the overlapping q range, i.e., 0.1
to 0.26 Å �1 in our experiments.

All samples were measured at three concentrations, ranging from 0.6 to 3.2
mg/ml. The final SAXS profiles were obtained from linear extrapolation of data
from these concentrations to that of zero concentration. The total scattering
profiles were obtained by piecing the resulting SAXS and WAXS data together
in the range of 0.006 to 2.5 Å�1.

The radius of gyration (Rg) was calculated from data at low q values in the
range of qRg � 1.2, using the Guinier approximation (equation 2):

ln I�q
 � ln�I�0
� � Rg
2q2/3 (2)

The scattering intensities at and near q � 0 were extrapolated with the Guinier
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equation. The Kratky plots, q2 � I(q) versus q (see Fig. 4A), indicate that all
molecules under study are in folded form.

The pairwise distance distribution function (PDDF), or p(r), in real space was
calculated using GNOM (50). To avoid underestimation of the molecular di-
mension and consequent distortion in low resolution structural reconstruction,
the parameter Rmax, the upper end of distance r, was manually scanned in the
range of 2Rg to 6Rg, and chosen such that the resulting PDDFs gradually ap-
proach zero at high r.

Molecular envelopes (also known as bead models) were obtained using the
program DAMMIF (16), a fast version of DAMMIN (51). In DAMMIF, a
spherical space with a radius of Rmax, read from the PDDF result, is initially filled
with multiple-phase dummy atoms. To avoid distortion caused by possible un-
derestimation of Dmax, DAMMIF can automatically adjust the value of Rmax

during the calculation. At each step, the envelope evolves by randomly phasing
a dummy-atom in (as a part of the molecule) or out (as a part of the solvent). A
simulated annealing algorithm drives the envelope evolution, by reducing the
discrepancy between the experimental and calculated scattering curves during
the annealing process. Thirty-two DAMMIF calculations were performed for
each molecule, running in the “slow” mode with default setting of DAMMIF.
The resulting structural models were subjected to averaging and the normalized
spatial discrepancy (NSD) values between each pair of models were computed,
using DAMAVER (41). The model with lowest average NSD with respect to the
rest of models was chosen as the reference model. The remaining models were
superimposed onto the reference model using SUPCOMB (24), except that
possible outliers identified by NSD criteria were discarded. The dummy atoms of
these superimposed models were remapped onto a densely packed grid of atoms,
with each grid point marked with its occupancy factor. The grids with non-zero
occupancies were chosen to generate a final consensus model with the volume
equal to the average excluded volume of all of the models. Scattering data in a
q range of 0 to 0.22 Å �1, which reflect the global shape without significant
undesired influence from the internal structure, were used in DAMMIF calcu-
lations. The goodness-of-fit Rf values (51; http://www.embl-hamburg.de/biosaxs
/manual_dammin.html) were defined as follows:

Rf
2 � �

q

��sc � Imod�q
 � Iexp�q

 � q2�2/�
q

�Iexp�q
 � q2�2 (3)

and were in the range of 0.004 to 0.006, indicating good match between the
experimental scattering data and the calculated ones for individual models. In
equation 3, sc is a scaling factor which makes the experimental data and a given
back-calculated profile have the best match in intensities. The average NSDs for
these bead models were 0.70 to 0.95, which indicate good convergences in both
individual DAMMIF fits and overall bead model ensembles for each sample.

The averaged molecular envelope/bead models were further smoothed by
using the program Situs (56), version 2.4, and the smoothed molecular envelope
images shown in Fig. 4 were produced by using the UCSF program Chimera (42)
(version 1, build 2540).

RESULTS

In vitro assembly of MLV Gag. The proteins used in our
studies, including MLV Gag, WM HIV-1 Gag (a monomeric
mutant of HIV-1 Gag [12]), and a series of related proteins,
are depicted in Fig. 1A. They were purified from E. coli lysates
as described in Materials and Methods. Their purity is indi-
cated by the Coomassie brilliant blue-stained SDS-PAGE gel
of several of the proteins (Fig. 1B).

MLV Gag was tested for its ability to assemble into VLPs in
a defined in vitro system. As in prior studies with HIV-1 Gag,
the protein was dialyzed at 1 mg/ml into assembly buffer in the
presence of 100 �g of yeast tRNA/ml at 4°C. Under these
assembly conditions, roughly spherical VLPs were formed, as
visualized by negative stain EM (Fig. 1C) and transmission EM
of thin sections (data not shown). These VLPs had a median
diameter of 95 nm with a standard deviation of 4.5 nm (Fig.
1D), similar to that of immature VLPs assembled in cells (58).
The VLPs have a somewhat irregular appearance, and thin
sections of these VLPs made after high-speed centrifugation

FIG. 1. (A) Schematic representation and molecular masses of the
Gag proteins in the present study, showing domain organization.
(B) SDS-PAGE gel of purified Gag proteins, stained with Coomassie
brilliant blue. WM HIV-1 Gag, a monomeric mutant of HIV-1 Gag, is
included. (C) Negative stain EM of VLPs assembled from MLV Gag
in vitro. Scale bar, 100 nm. (D) Histogram of the size distribution of in
vitro assembled MLV Gag VLPs.
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often show “collapsed” structures (not shown), suggesting that
the VLPs are fragile.

Oligomerization of MLV Gag in solution. Recombinant
HIV-1 Gag protein is in monomer-dimer equilibrium in solu-
tion, with a Kd of �0.5 � 10�5 M (12). We tested for oligomer-
ization of MLV Gag in several ways. MLV Gag at concentra-
tions ranging from 0.15 mg/ml (i.e., 2.5 �M) to 2 mg/ml (33
�M) was subjected to SV analysis. Boundary sedimentation
measurements (data not shown) were performed to determine
the weight-average sedimentation coefficient of MLV Gag and
the data analyzed by the Sedfit program. Figure 2A shows the
c(s) versus S resulting from this analysis. The profiles show a
predominant single peak with an S value of 2.85 at all three
concentrations at 20°C. In contrast, the peak of the weight-
average S value for HIV-1 dp6, which dimerizes with a Kd of
�5 �M, shifts from 2.8 to 4.2 as the concentration is increased
from 0.5 to 60 �M (Fig. 2B). The weight-average S values for
HIV-1 Gag at intermediate concentrations of 2 and 20 �M
were 3.2 and 3.8, respectively (data not shown). The invariance
of the MLV Gag S value across the concentration range tested
suggests that the oligomeric composition of MLV Gag is not
significantly altered under these conditions. The S value of 2.83
(S20,W 3.15) for MLV Gag, whose molecular mass is 6.0 � 104

Da, represents an f/f0 of 1.85 and an Rh of �47 Å (Table 1),
suggesting that the molecule is highly asymmetric or extended.
MLV dp12 and CANC were also subjected to SV analysis (data
not shown). MLV dp12 had an S value of 2.73 (S20,W 3.04) and
an f/f0 of 1.62, while CANC had an S value of 2.31 (S20,W 2.57)
and an f/f0 1.64, indicating that these portions of MLV Gag
also are extended and/or asymmetric.

As a more rigorous test for weak self-association, SE analysis
of MLV Gag in solution was performed, and the data were
fitted to different models using SEDPHAT (46). MLV Gag at
concentrations of 2, 6, and 20 �M was centrifuged to equilib-
rium at 8,000, 10,000, and 15,000 rpm. The SE profiles ob-
tained were first modeled assuming the presence of a single
noninteracting species, with a mass of 60 kDa. This resulted in
a fit with a global reduced chi-square value (�2) of 1.823.
However, allowing the molecular mass to float while assuming
the presence of a single species resulted in a predicted mass of
68 kDa and a better fit to the data (�2 � 1.346). This indicated
that the MLV Gag protein might have a propensity for weak
association. Since HIV-1 Gag protein has previously been
shown to dimerize (12), the self-association of MLV Gag was
initially modeled as a monomer-dimer equilibrium. All nine
profiles were analyzed to obtain a global fit with a monomer-
dimer association model, assuming the monomer mass to be
60,000 Da. The top panel in Fig. 2C shows only three profiles
(20 �M sample) of nine (for clarity). The continuous line
through each data set is the nonlinear regression fit to the data,
yielding an association constant (Ka) of 2.45 � 103 M�1 for
dimeric association of the monomers, with a global reduced
chi-square value (�2) of 1.32 for the fit. The bottom panel
shows a plot of the respective residuals for each fit shown
above. It is evident that the residuals are all close to zero and
mostly randomly distributed. The determined association con-
stant corresponds to a Kd of �400 �M. The same data were
also subjected to a monomer-trimer model for self-association
(data not shown). Here, the best fit obtained was for a Ka of
3.63 � 107 M�2, with a global reduced chi-square value (�2) of

1.37. Such analysis was performed with SE data obtained using
three separately purified batches of protein, and we have ob-
tained Kd values for monomer-dimer equilibrium ranging from
ca. 200 to 500 �M (data not shown). Although the very weak
interactions observed with MLV Gag do not allow us to de-

FIG. 2. Oligomeric properties of MLV Gag protein. (A) c(s) anal-
ysis of boundary sedimentation data for MLV Gag protein at concen-
trations between 2.5 and 33 �M. (B) c(s) analysis for boundary sedi-
mentation data for HIV-1 dp6 protein at concentrations ranging from
0.5 to 60 �M. (C) SE analysis of Gag oligomerization. Solutions of Gag
at 2, 6, and 20 �M were centrifuged to equilibrium at 8,000 (‚), 10,000
(E), and 15,000 (�) rpm. The data points were globally fit to a model
of dimeric association with a Ka of 2.45 � 103 M�1 and a global
reduced chi-square value (�2) of 1.32. For clarity, the figure shows only
the three A280 profiles and residuals for the 20 �M protein sample. The
best fit root-mean-square error is 0.0055.
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termine the strength or mode of interaction unambiguously,
these results demonstrate that MLV Gag does self-associate,
though far more weakly than HIV-1 Gag.

Conformation of MLV Gag in solution. We characterized
MLV Gag (�60 kDa) by SEC. It elutes (red profile) from
Superose 12 more rapidly than WM HIV-1 Gag (�50 kDa,
pink profile in Fig. 3). In fact, it elutes at a position comparable
to that of a dimer of BSA (�130 kDa, black profile) (a shallow
peak before the BSA monomer). The elution position of MLV
Gag was constant over injection concentrations ranging from 4
to 25 �M (data not shown). MLV dp12 (�52 kDa, blue profile)
also elutes well before BSA (�67 kDa), while MLV CANC
(�37 kDa, green profile) elutes slightly before monomeric
WM HIV-1 Gag (�50 kDa). The high ionic strength of the
buffer precludes nonspecific interactions with the column ma-
trix. The eluate was simultaneously monitored by both SLS, to
determine the molecular mass of the eluting material, and
QELS, as a measure of the Rh of the eluting species. The molar
mass for MLV Gag measured by SLS (Fig. 3) was 6.07 � 104

Da, while those for MLV dp12 and MLV CANC were 5.4 �
104 Da and 4.0 � 104 Da, respectively, confirming that the
proteins were predominantly monomeric under these condi-
tions. Under identical conditions, the molar mass of BSA was
estimated to be 6.47 � 104 Da, while that of WM HIV-1 Gag
was 4.89 � 104 Da. The unusual elution behaviors of MLV Gag
and derived proteins on the size exclusion column were there-
fore a result of their conformations and not their oligomeric
status. The QELS data gave Rh values of 48, 42, and 37 Å for
the MLV, dp12, and CANC proteins, respectively, while that
for WM HIV-1 Gag was 38 Å (Table 1).

As a completely independent approach to determining the
conformation of these proteins, we performed SAXS analysis.
SAXS data for MLV Gag and CANC were first analyzed to
generate Kratky plots, q2I(q) versus q (Fig. 4A), as described in
Materials and Methods. The shape of the Kratky plot is an
indicator of the “unfoldedness” of a protein. In the case of
multidomain proteins, the plot is also indicative of how do-
mains are extended or packed and has been used as an indi-
cator of global protein conformation. Specifically, folded pro-
teins have a characteristic peak at low q, followed by a drop in
the curve at high q, while unfolded proteins do not have the
characteristic peak and increase monotonically with q (43).
Since Gag is a multidomain protein, the Kratky plots are well
suited for characterization of the global domain organization.
Figure 4A indicates that while both MLV Gag and CANC are
folded, MLV Gag has a more extended conformation with
some disorder.

The pairwise distance distribution function [PDDF or p(r)]
plots, i.e., histograms of distances between scattering atoms in
the protein, give an indication of the shape and a measure of
the dimensions of the protein. The p(r) functions for MLV Gag
and CANC proteins calculated using GNOM (Fig. 4B) are
asymmetric, with a tail at high r values. This is a feature of
elongated molecules; the p(r) of globular proteins is symmet-
rical about the peak. The Dmax, derived from the distance r at
which p(r) drops to zero, is indicative of the longest dimension
in the molecule. This was estimated to be �210 � 10 Å for
MLV Gag and 150 Å � 10 Å for MLV CANC. The radius of
gyration (Rg), determined by SAXS for MLV Gag (57.8 Å),
and that of MLV CANC (41.1 Å) were both higher than that
of WM HIV-1 Gag (38 Å [data not shown]) or for WM HIV-1
Gag previously determined by small-angle neutron scattering
as �34 Å (9, 10).

Bead models of the proteins, derived from the SAXS data
using DAMMIF (as described in detail in Materials and Meth-
ods), are shown in Fig. 4C and D. It is striking to see that ab
initio modeling of SAXS data yields a rod-shaped model for
MLV Gag, with a long axis of the molecular envelope esti-
mated at �201 Å. Similarly, the SAXS data show that CANC
is evidently elongated as a rod �150 Å long. The width of the
bead model at different regions for MLV Gag ranges from 35
to 45 Å, with a narrow dimension of 22 Å. These dimensions
are common to both models, as are the presence of “kinks” or
bends along the length. The tentative superimposition of mo-
lecular envelopes of MLV Gag and CANC with the known
crystallographic structures of MLV MA (45) and the NTD of
MLV CA (35) is displayed in Fig. 5.

Structural features of MLV Gag. We examined the sequence
of MLV Gag in an effort to identify possible features contrib-

TABLE 1. Rh values for proteins in this study

Method
Rh (Å)a

MLV H/MLV MLV 18PA EW22D dp12 EW22D dp12 CANC EW22D CANC WM M/HIV BSA

SEC 54.6 54 52.1 53.3 45.5 44.3 39.2 37.2 36 38.3 35.5
QELS 48 47 ND 47 42 39 37 34 38* ND 35
SV 47 ND ND ND 41.3 ND 36.4 ND 41* ND ND

a ND, not determined. �, Data from Datta et al. (9).

FIG. 3. SEC and SLS of MLV and HIV-1 Gag proteins. MLV
(red), dp12 (blue), CANC (green), and WM HIV-1 Gag (pink) Gag
solutions, as well as BSA (black) at 1.5 mg/ml, were chromatographed
on a Superose 12 column. Elution of protein was simultaneously mon-
itored by determining the A280, giving rise to the elution profiles, and
by SLS, yielding the data points above the elution profiles. The points
indicate the molar mass of the protein in each fraction. These masses,
in turn, were averaged over the breadth of each peak, producing the
roughly horizontal lines above the elution profiles.
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uting to its extended conformation. We noted that both the
C-terminal half of the MA domain and the N-terminal half of
the p12 domain are very proline-rich and in fact contain several
short runs of prolines (Fig. 6A). It seemed possible that these
runs might form short polyproline helices or other such ex-
tended structures and thus contribute to the rigidity of the
protein. To test this possibility, we mutated 18 proline codons
(boxed in Fig. 6A) to alanine codons. The resulting mutant
Gag protein, MLV 18PA, has a molecular mass of 60,389 Da,
which is very similar to that of MLV Gag (60,858 Da). How-
ever, its elution from an SEC column is clearly delayed (Fig.
6B), indicating a decrease in Rh from 54.6 to 52.1 Å (Fig. 6B
and Table 1). These data suggest that the runs of prolines in
the C-terminal half of MA and the N-terminal half of p12 are
at least in part responsible for the rigidity of the MLV Gag
protein.

Another striking feature of the MLV Gag sequence is an

extraordinary run of charged residues near the C terminus of
the CA domain, termed the “electric wire” or “charged assem-
bly helix motif” (6). Cheslock et al. (6) presented genetic evi-
dence suggesting that this region forms an �-helix during as-
sembly. These researchers also showed that the deletion of 22
residues (outlined in Fig. 6A) is compatible with the proper
assembly, and indeed with the infectivity, of the virus. We
determined the Rh of MLV proteins lacking these 22 residues
(designated “EW22D” by Cheslock et al.). EW22D MLV Gag
elutes slightly after the wild type but before MLV 18PA (Fig.
6B). We also tested the effect of the EW22D deletion in the
context of dp12 and CANC proteins (QELS data not shown).
As indicated in Table 1, both of these changes significantly
decrease the Rh of these smaller proteins, as well as that of
full-length Gag. Therefore, the charged stretch in the C-ter-
minal domain of CA also contributes to the extended structure
of MLV Gag.

FIG. 4. SAXS analysis of MLV Gag and CANC proteins. (A) Kratky plots for MLV Gag (yellow) and CANC (blue). (B) p(r) analysis of SAXS
data for MLV Gag (yellow) and CANC (blue). (C) Bead model, shown in molecular surface mode, generated from SAXS data using DAMMIF,
as described in detail in Materials and Methods, for MLV Gag. (D) Bead model for CANC. The data indicate that both proteins are rod-shaped,
with maximum dimensions of �200 and 150 Å, respectively. The normalized spatial discrepancy (NSD) scores of both the models are �0.7,
suggesting a good consistency among all models and an excellent fit to the experimental SAXS data.
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In light of the large differences in molecular dimensions
between MLV Gag and HIV-1 Gag (Fig. 3, Table 1), it was of
interest to determine the contribution of individual domains to
these differences. Deminie and Emerman (14, 15) have previ-

ously characterized viruses in which the MA domains of HIV-1
and MLV Gags have been exchanged. These chimeric Gag
proteins were purified and analyzed by SEC. As shown in
Table 1, replacement of the MA domain of either Gag with the
heterologous MA domain did not significantly affect the Rh of
either parent protein.

DISCUSSION

Gag proteins of different retroviruses assemble into very
similar VLPs in vivo (2, 13). Since the information content for
the assembly of VLPs exists within the Gag polyprotein (5), a
comparison of the properties of Gag from viruses from differ-
ent genera might give insight into common underlying mech-
anisms of assembly.

We have previously characterized the solution properties of
unmyristoylated HIV-1 Gag protein. Briefly, it contains a
dimer interface in the CTD of its CA domain; the monomer-
dimer equilibrium in solution has a Kd of �5 � 10�6 M (12).
Further, monomeric HIV-1 Gag appears to adopt relatively
compact conformation(s) in solution (9). It assembles into
small, thin-walled VLPs (4), while presumably still in a com-
pact conformation. An extension in length to �20 nm can be
observed in vitro when both ends are supplied with their pre-
ferred ligands, i.e., inositol phosphates or lipids, and nucleic
acid (3, 10).

We now describe the properties of the unmyristoylated
MLV Gag protein. Remarkably, it is different from HIV-1 Gag
protein in each of these respects. Thus, its tendency to
oligomerize in solution is barely detectable: we estimate that
the affinity of monomers for each other is at least 40-fold
weaker than in the case of HIV-1 (Fig. 2). Further, it exhibits
a rod-like conformation in solution, apparently similar to that
of the Gag monomers in immature VLPs; this conformation
was evident from the SV (Fig. 2A), SEC (Fig. 3), and SAXS

FIG. 5. Molecular envelope in mesh of MLV Gag generated by
molecular modeling of SAXS data as described in Materials and Meth-
ods. A tentative superposition of the derived molecular envelopes for
MLV Gag (green) and MLV CANC (gold), with crystallographic
structures for MA (1MN8) and the NTD of CA (3BP9), is shown.

FIG. 6. Hydrodynamic characterization of mutant MLV Gag proteins. (A) Primary amino acid sequence of MLV Gag. The MA (red), p12
(green), CA (purple), and NC (black) domains are indicated. The proline residues in the MA and p12 domains changed to alanine in MLV P18A
Gag are boxed. The 22 amino acid residues deleted in the “electric wire” region of CA to generate E22D are outlined. (B) SEC and DLS of mutant
MLV Gag proteins. MLV Gag (red), EW22D (blue), MLV 18PA (green), and BSA (black) were chromatographed on Superose 12, and the Rh
was estimated by in-line DLS. (C) Retention volume used to estimate Rh for proteins, using proteins with known Rh values as calibrants (48).
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data (Fig. 4). This extended conformation presumably enables
it to assemble into full-size VLPs upon addition of nucleic acid
alone (Fig. 1C and D) and without a major change in its overall
dimensions.

MLV and HIV-1 Gag are similar to each other with respect
to the secondary and tertiary structures of the MA, NTD, and
CTD regions (18, 20, 22, 32, 35, 45); however, the linkers
between these regions are apparently unstructured and/or flex-
ible in HIV-1 Gag but rigid in MLV Gag. The fact that ex-
changing MA domains between the two proteins has a negli-
gible effect on Rh (Table 1) is consistent with this assumption.

What might be responsible for the extended conformation of
MLV Gag? Examination of its sequence reveals two notable
features not present in HIV-1 Gag (Fig. 6A). First, MLV Gag is
quite proline-rich: 11.9% of its residues are prolines, compared to
5% in HIV-1 dp6 and 5% in the protein database (33). Further,
28% of the amino acids between positions 90 and 214 (i.e., the
C-terminal region of MA and p12) are proline residues. They are
often found as short runs of two to four consecutive prolines; such
runs frequently have an extended conformation in known protein
structures (49). In fact, we found that a change of 18 prolines in
MA and p12 to alanines, which in themselves favor helical struc-
tures, results in a detectable decrease in the Rh of the protein
(Fig. 6B and Table 1).

It has previously been reported that the p12 domain of MLV
Gag (which has no obvious counterpart in HIV-1 Gag) lacks a
unique structure (25); it seems likely that the short runs of
prolines can assume an ensemble of structures, but that these
are predominantly extended. We also noted that deletion of
p12 (84 amino acids) causes a drop of Rh from �50 to 43 Å,
while a further deletion of MA (130 amino acids) to generate
CANC reduces the Rh from 43 to 39 Å (Table 1). The larger
change in Rh due to a deletion of p12 suggests that this do-
main, even if disordered, might adopt relatively extended con-
formation(s) keeping the globular domains of MA and CA far
apart.

Second, the C-terminal end of the CA domain contains a
remarkable run of �33 charged residues. This region, called
the “charged assembly helix motif” or “electric wire,” carries
no net charge; it is critical for proper VLP assembly (6). Like
MLV Gag, MLV CANC displays unusual mobility in SEC:
although its mass is only 37.4 kDa, it elutes slightly before
monomeric HIV-1 Gag (50.2 kDa) (Fig. 3). The p(r) plot from
the SAXS data (Fig. 4B), as well as the Rg of �41 Å from
SAXS and the Rh of �39 Å from SEC and QELS (Table 1) for
CANC, all suggest that it also has an extended structure. Since
retroviral NC domains are very small and largely unstructured
(28), it seemed possible that the “electric wire” region might be
responsible in part for the extended structure of MLV CANC
and Gag proteins. We found that deletion of 22 of these res-
idues in either MLV Gag, dp12, or CANC caused a detectable
decrease in the Rh of the proteins (Fig. 6A and B, Table 1).
This was particularly apparent in the context of the smaller
CANC construct.

What is the biological significance of these features? Inter-
estingly, several mutants in which individual proline tracts in
p12 are replaced with alanine tracts retain infectivity (29, 59),
as does the electric wire deletion that we studied (6). It thus
appears that the rigidity and/or length of the monomer can be
compromised somewhat without loss of function in vivo. In

addition, several observations suggest that VLP assembly may
be more dependent upon Gag-RNA interaction in MLV than
in HIV-1. First, deletion of the NC domain, the primary RNA-
binding domain of Gag, modestly reduces VLP assembly in
vivo in HIV-1 (39) but virtually eliminates it in MLV (36).
Second, digestion of detergent-stripped VLPs with RNase dis-
rupts MLV VLPs (37) but not HIV-1 VLPs (3). It seems
plausible that the stronger interaction between free HIV-1
Gag molecules, relative to MLV Gag molecules, renders its
lattice structure less dependent upon nucleic acid binding for
stability.

On the other hand, HIV-1 MA is known to bind RNA, and
it has been suggested that this is responsible for the ability of
HIV-1 Gag to assemble with no NC domain (1, 31, 40, 44).
Several reports show that in HIV-1 Gag, the MA domain
participates along with the NC domain, in interactions with
RNA (7, 23). It will be of interest to learn whether similar
phenomena are observed in MLV Gag, in which the MA and
NC domains are probably always physically distant from each
other.

In conclusion, the “building blocks” for HIV-1 and MLV
virus particles are surprisingly different from each other. Un-
like HIV-1 Gag, MLV Gag in solution has dimensions com-
parable to that in VLPs; the protein would undergo very little,
if any, change in global conformation during the process of
assembly. This is a striking example of the contrasts in funda-
mental properties between members of different retroviral
genera.
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