
Contributions of Charged Residues in Structurally Dynamic Capsid
Surface Loops to Rous Sarcoma Virus Assembly

Katrina J. Heyrana,a Boon Chong Goh,b Juan R. Perilla,b Tam-Linh N. Nguyen,a Matthew R. England,a Maria C. Bewley,c

Klaus Schulten,b Rebecca C. Cravena

Department of Microbiology and Immunology, The Pennsylvania State University College of Medicine, Hershey, Pennsylvania, USAa; Department of Physics and Beckman
Institute, University of Illinois at Urbana-Champaign, Urbana, Illinois, USAb; Department of Biochemistry and Molecular Biology, The Pennsylvania State University College
of Medicine, Hershey, Pennsylvania, USAc

ABSTRACT

Extensive studies of orthoretroviral capsids have shown that many regions of the CA protein play unique roles at different points
in the virus life cycle. The N-terminal domain (NTD) flexible-loop (FL) region is one such example: exposed on the outer capsid
surface, it has been implicated in Gag-mediated particle assembly, capsid maturation, and early replication events. We have now
defined the contributions of charged residues in the FL region of the Rous sarcoma virus (RSV) CA to particle assembly. Effects
of mutations on assembly were assessed in vivo and in vitro and analyzed in light of new RSV Gag lattice models. Virus replica-
tion was strongly dependent on the preservation of charge at a few critical positions in Gag-Gag interfaces. In particular, a clus-
ter of charges at the beginning of FL contributes to an extensive electrostatic network that is important for robust Gag assembly
and subsequent capsid maturation. Second-site suppressor analysis suggests that one of these charged residues, D87, has distal
influence on interhexamer interactions involving helix �7. Overall, the tolerance of FL to most mutations is consistent with cur-
rent models of Gag lattice structures. However, the results support the interpretation that virus evolution has achieved a charge
distribution across the capsid surface that (i) permits the packing of NTD domains in the outer layer of the Gag shell, (ii) directs
the maturational rearrangements of the NTDs that yield a functional core structure, and (iii) supports capsid function during
the early stages of virus infection.

IMPORTANCE

The production of infectious retrovirus particles is a complex process, a choreography of protein and nucleic acid that occurs in
two distinct stages: formation and release from the cell of an immature particle followed by an extracellular maturation phase
during which the virion proteins and nucleic acids undergo major rearrangements that activate the infectious potential of the
virion. This study examines the contributions of charged amino acids on the surface of the Rous sarcoma virus capsid protein in
the assembly of appropriately formed immature particles and the maturational transitions that create a functional virion. The
results provide important biological evidence in support of recent structural models of the RSV immature virions and further
suggest that immature particle assembly and virion maturation are controlled by an extensive network of electrostatic interac-
tions and long-range communication across the capsid surface.

Infectious retrovirus particles are the end products of a complex
multistage assembly process. In the early phase, the Gag poly-

protein binds virion genomic RNA and is targeted to the plasma
membrane, where it assembles a near-spherical immature protein
lattice. As the virion leaves the cell by a budding process, the virally
encoded protease PR is activated, initiating maturation. Cleavage
of the Gag polyprotein into the structural proteins MA (matrix),
CA (capsid), and NC (nucleocapsid) results in a large-scale reor-
ganization that leaves MA associated with the viral envelope while
NC, the genome, and replication enzymes condense to form the
reverse transcription complex (RTC). Newly liberated CA protein
rearranges around the nascent RTC, forming a closed polyhedral
capsid. Since the orderly completion of the capsid shell is essential
for the early stages of the replication cycle (1–3), the Gag lattice
and the maturation process pose attractive targets for pharmaco-
logical intervention (4–10).

CA provides the protein-protein interactions that organize
both the immature Gag lattice and the capsid structure of the
mature core, thereby determining the size, shape, and functional-
ity of both structures. The protein structure is highly conserved
despite considerable CA sequence variation across the orthoretro-

virus families, including human immunodeficiency virus (HIV)
(a lentivirus), Rous sarcoma virus (RSV) (an alpharetrovirus),
murine leukemia virus (MLV) (a gammaretrovirus), and Mason-
Pfizer monkey virus (M-PMV) (a betaretrovirus) (www.ncbi.nlm
.nih.gov/genome/viruses/retroviruses). In each virus, the CA
monomer comprises two predominantly alpha-helical domains, a
6- to 7-helix N-terminal domain (NTD), and a 4-helix C-terminal
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domain (CTD). The helical folds of the two domains are largely
identical in both the mature capsid form and the Gag precursor,
with the major distinguishing feature being the �-hairpin struc-
ture that precedes the first �-helix of the mature NTD. This
�-hairpin forms only after CA is cleaved from the upstream Gag
domain. In the NTD, helices �1 to �4 and the last helix form a
tight bundle, while the loops and short helices between �4 and
the last helix comprise a surface-exposed flexible-loop (FL)
region that is the least conserved region in the CA sequence and
exhibits considerable structural variation across retroviral
families (11–19, 87).

The sequence diversity in the FL region across virus families
has been driven in part by species-specific interactions between
the viruses and their hosts, since the region is displayed on the
outer capsid surface and exposed to the cytosol after entry into a
new cell (20, 21). At least three cellular proteins are known to bind
the HIV-1 FL region: cyclophilin A, tripartite motif 5� (TRIM5�),
and cleavage and polyadenylation specific factor 6 (CPSF6) (22–
29). The MLV CA interacts with the cellular Friend virus suscep-
tibility factor 1 (Fv1) (30). Binding of these proteins to capsids in
the cytosol affects several postentry events (22, 23, 30–40), sug-
gesting that the FL serves both structural and regulatory roles in
the establishment of a new infection. As yet, no CA-binding host
proteins have been identified in the alpharetroviruses.

Diversity in the FL sequences is also likely related to the unique
structural roles that the region plays in the Gag lattices of evolu-
tionarily distant viruses. The immature structures are comprised
of Gag protein hexamers, with the CA NTD and CTD of each
molecule vertically stacked and both interhexameric and intra-
hexameric contacts mediated horizontally (i.e., NTD-NTD and
CTD-CTD) (41–43). Recent high-resolution studies of immature
virions of M-PMV and HIV allowed unequivocal positioning of
the alpha helices of the two domains. The packing of CTDs in the
inner CA layer is highly conserved across virus families (42, 44, 45,
47, 82) and provides for the critical role of the CTD and immedi-
ately downstream spacer peptide in creating the interhexameric
contacts that form the Gag lattice. In contrast, NTD packing is
strikingly different between the two viruses. In M-PMV, the FL
region and helix �7 form an extensive dimeric interface that pro-
vides prominent interhexamer interactions (44). NTD packing in
the HIV lattice features more extensive intrahexamer interactions
that include a modest contribution of the FL, while interhexamer
interactions are formed by helices �1 and �2 (45). Two new mod-
els of the RSV Gag lattice developed by all-atom molecular
dynamics (MD) modeling and by cryo-electron tomography of
in vitro-assembled protein now indicate that the RSV lattice
bears more similarity to the M-PMV Gag model than to that of
HIV (46, 47).

In all the orthoretroviruses, the extensive lattice interfaces
formed by both domains must separate during maturation to al-
low repositioning of the domains and formation of the mature
capsid (44–47). These mature structures are closed polyhedral
shells formed of CA hexamers and punctuated by 12 points of
pentameric symmetry (20, 48, 49). Unlike in the immature lattice,
the interhexameric interactions in mature capsids are contributed
entirely by adjacent CTDs. Additionally, a unique NTD-CTD in-
terface (15, 20, 21, 49, 50) and a CTD trimeric interface (51, 52)
distinguish the mature from the immature lattice.

Genetic studies in RSV and other retroviruses support the
dominant role of the CTD and adjacent SP in driving Gag assem-

bly (53–58). However, biological evidence from several labs has
also suggested a contribution of the FL in the assembly of func-
tional virions, consistent with the recent structural studies. Dele-
tions within the FL region of a protease-deficient RSV Gag yielded
particles of highly heterogeneous size (59). Similarly, in MLV and
HIV, various point mutations, deletions, or insertions involving
the FL region resulted in inefficient particle release or products of
heterogeneous size (3, 60–62). In another RSV study, FL point
mutations emerged spontaneously as second-site suppressors of
�-hairpin lesions, suggesting a role of the FL residues during ei-
ther Gag assembly or maturational rearrangements (63).

In the current study, we have examined the contributions of
specific FL residues in the assembly of infectious RSV particles in
order to provide important functional data needed for the assess-
ment of the evolving models for alpharetrovirus assembly. We
designed mutations in the FL region, targeting predominantly
charged residues, and assessed their effects on virus replication
and particle assembly. The results are consistent with a role for the
FL region in the formation of a well-ordered Gag lattice and sug-
gest that this depends upon a network of electrostatic interactions
at the NTD-NTD interface and across the lattice surface. Because
of the need for such contacts to separate upon proteolytic process-
ing, the orderly rearrangements that create the functional core
structure are also expected to require proper management of sur-
face charges.

MATERIALS AND METHODS
Plasmids. Mutations were created in the replication-competent proviral
vector pRS.V8.eGFP, which carries a gag gene derived from the Prague C
strain of RSV and the enhanced green fluorescent protein (EGFP) in place
of the src gene (64). Wild-type (WT) and mutant proteins were expressed
in Escherichia coli using a pET-24(�) plasmid bearing the RSV Prague C
CA sequence (residues 1 to 239) and pET3xc containing the �MBD�PR
Gag coding sequence (65, 66).

Infectivity assays. Viral infectivity assays were performed as previ-
ously described (67). Viral stocks were produced by transfection of QT6
quail cells with the wild-type or mutant proviral plasmids and harvested
after 1 day. Virus suspensions were standardized according to the percent-
age of green fluorescent protein (GFP)-expressing cells in the producer
cultures as measured by flow cytometry and were used to infect DF1
chicken cells. Virus spread was monitored by flow cytometry up to 14 days
postinfection. The growth rate for each virus was expressed as the change
in ln(percent GFP-positive cells)/time (67, 68).

Particle release assays. QT6 cells were transfected with proviral plas-
mids and radiolabeled with [35S]Met-Cys (54, 67). CA-related proteins in
cell lysates and medium samples were immunoprecipitated with anti-CA
serum (�FCRC12) and analyzed by SDS-PAGE, autoradiography, and
densitometry. Relative levels of particle release were calculated as a ratio of
CA in medium to Gag in lysate.

Viral core detergent resistance. Core stability assays were also per-
formed in QT6 cells (63, 69) that were transfected with proviral plasmids
and radiolabeled with [35S]Met-Cys. Released virions were pelleted
through sucrose solutions containing either 1% Triton X-100 or no de-
tergent. Soluble and pelletable CA-related proteins were immunoprecipi-
tated and quantified as described above and then expressed as a percent-
age of total CA.

Rate velocity sedimentation. Virion size distribution was assessed by
velocity sedimentation assays (59, 70, 71). Briefly, QT6 cells were transfected
with proviral vectors or with pCMV Gag3h (a protease-deficient Gag con-
struct that serves as an internal control) and labeled with [35S]Met-Cys for 7 h.
The cell-free medium samples containing harvested virus were spiked with
Gag virus-like particles (VLPs), and the mixtures were subjected to rate zonal
centrifugation in a 10 to 30% (wt/wt) at sucrose gradient 26,000 rpm for 30
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min. The CA proteins present in one-milliliter fractions were analyzed by
immunoprecipitation, as described above.

Protein expression and purification. CA protein was expressed in
Escherichia coli BL21(DE3) and purified as described previously (72). Pu-
rification of �MBD�PR Gag protein expressed in E. coli was adapted from
the method described by Ma and Vogt (65). Cells were lysed and nucleic
acid precipitated with 0.15% polyethyleneimine. The Gag protein was
ammonium sulfate precipitated, isolated by cation exchange, further pu-
rified by size exclusion chromatography (SEC), and stored at � 5 mg/ml
in buffer [25 mM HEPES, 0.5 M NaCl, 0.1 mM EDTA, 0.1 mM tris(2-
carboxyethyl)phosphine (TCEP), and 0.01 mM ZnSO4, pH 7.5].

In vitro assembly assays. Assembly was initiated by combining puri-
fied CA protein with sodium phosphate (pH 8) to final concentrations of
2 mg/ml and 500 �M, respectively (72). The resulting turbidity (optical
density at 450 nm [OD450]) was recorded. Experiments were performed in
triplicate. To assess Gag assembly, purified �MBD�PR protein was first
diluted to 1 mg/ml with MES [2-(N-morpholino)ethanesulfonic acid]
buffer (50 mM MES and 100 mM NaCl, pH 6.0). Assembly was initiated
by addition of a 50-mer GT-repeat DNA oligonucleotide at a protein-to-
oligonucleotide ratio of 10:1 by weight.

Electron microscopy. Thin sections of virus-expressing cells were pre-
pared for transmission electron microscopy (TEM), stained with alco-
holic uranyl acetate (UA) and lead citrate as described previously (73),
and imaged with a 120-kV JOEL 1400 transmission electron microscope
at 60 kV. Particle-producing cells were identified by the appearance of 10
or more particles of approximately viral size (between 100 and 150 nm)
and/or actively budding virus-like structures. A total of 40 particle-pro-
ducing cells were examined in each specimen. The perimeter of each cell
was scanned carefully for typical virus particles, which were identified as
spherical shapes with central, hyperdense condensations (viral RNA) and
wispy protrusions (Env) along their circumference.

In vitro-assembled CA and Gag proteins were analyzed by negative-
stain EM as previously described (72). Assembled material was collected at
the end of the assembly period (at the point of maximum turbidity for CA
or after 30 min for Gag), adhered onto Formvar- and carbon-coated grids,
and stained with 2% uranyl acetate prior to TEM imaging.

Suppressor mutant isolation. Serial passaging of virus-infected DF1
cells was used to select for evolved viruses that carry a second-site sup-
pressor of a crippling FL mutation. DF1 cells were infected as described
above and then serially passaged. When the proportion of GFP-positive
cells reached 90%, the medium was passed onto uninfected DF1 cells. This
was repeated until a prominent increase in virus growth rate was observed.
Cellular genomic DNA was isolated from the infected cells and sequenced.
Suspected suppressors were recreated in proviral plasmid with and with-
out the corresponding FL mutation for confirmation of the suppressor
phenotype.

MD simulations. A wild-type (WT) model and eight models incorpo-
rating the mutations (D87A/E/R, E99A/Q, K107D, A134V, and D87E/
A134V) were prepared using Visual Molecular Dynamics (VMD) (74)
based on a previously published structure (46). Each model was solvated
in a sufficiently large water box with salinity set to 150 mM NaCl. All-atom
MD simulations, typically involving 1.8 million atoms (60 CA proteins),
were performed using NAMD 2.10 (75) for 100 ns with positional re-
straints applied to the lattice boundary and CTDs. The number and fre-
quency of all intermolecular electrostatic and hydrogen bonds involving
the NTD were calculated and are listed in Table S1 in the supplemental
material for the WT and all mutant lattices. For each lattice, the occupancy
of bonding between each pair of residues was averaged over 6 monomers
in the central hexamer. For ease of reading, the prominent interactions
(those that occur with �30% frequency in either the WT or one of the
mutant models) were highlighted. Flexibility of the protein was measured
by means of the root mean square fluctuations (RMSF). Additionally,
VMD was used to estimate interaction strengths between subunits using
the number of hydrogen bonds between monomers as a surrogate mea-
sure (74). Electrostatic potentials for the average coordinates of the heavy

atoms over the last 50 ns of simulation were determined at 300 K and 150
mM NaCl, using the PDB2PQR/APBS v2.0.0 suite of programs (76). The
partition-around-medoids (PAM) algorithm was employed to cluster the
structural ensembles from the simulations, and the root-mean-square
difference (RMSD) between structures was employed as the criterion for
similarity (46). PAM identified representative conformations and quan-
tified the relative population between multiple conformers present during
simulation.

Network analysis was performed to quantify the dynamic coupling
between residue D87 and the residues at the NTD-NTD dimer interface
(77). The value of the dynamic coupling is inversely proportional to the
correlation between residues and is employed in network analysis as a
measure of allosteric communication between distal residues. Correlation
between residues for the central hexamer in the Gag lattice was calculated
from the last 50 ns of simulation using CARMA (78). Subsequently, highly
correlated paths of residues, with their respective dynamic couplings, be-
tween protein sites of interest were calculated employing the subopt fea-
ture available in NetworkTools (79). Additionally, a total of 1,000 subop-
timal paths between D87 and R145 of each NTD monomer in the central
hexamer were identified using the weighted implementation of subopti-
mal paths (WISP) algorithm (80). Therefore, a total of 6,000 shortest
paths were collected for each RSV mutant.

RESULTS

The present study was initiated to provide functional data about
the contributions of NTD residues in the formation of immature
virions to complement the emerging structural models of imma-
ture retrovirions. Our attention was directed to the FL region by a
prior study in which compromising mutations in the �-hairpin
region of RSV CA were partially suppressed by compensating mu-
tations at R86 and N104 in the FL region (63). We therefore un-
dertook a genetic analysis of FL assembly function in RSV, creat-
ing mutations in the proviral plasmid at the codons specifying R86
and N104 (the two positions at which �-hairpin suppressors had
arisen), at D87 and R89 at the end of helix �4 and the beginning of
the first loop (conserved residues previously implicated in MLV
Gag assembly [16]), at K107, which lies in the trimeric NTD in-
terface in RSV Gag lattice (46, 47), and at two intervening polar
residues, Q95 and E99 (Fig. 1). The virus growth rate and Gag/CA
release efficiency for all mutants are presented in Table 1.

FIG 1 The flexible-loop region in the RSV CA N-terminal domain. The crystal
structure of the RSV CA N-terminal domain (PDB 1EM9) is shown with the
flexible loop highlighted in blue. Residues mutated in this study are depicted in
ball-and-stick form and colored orange.
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An alanine mutagenesis screen was conducted first, and the
growth of mutant viruses in DF1 cells was monitored over 14 days
by detection of the virus-encoded GFP (Fig. 2A and B). For a
quantitative assessment, the rate of virus spread through the cell
population was calculated from the change in the fraction of green
cells over time (Fig. 2C) (67, 68). Of the seven alanine mutants
tested at 37°C, only two were severely crippled, the K107A and
D87A mutants. Spread of the K107A mutant was undetectable
over 2 weeks, and that of the D87A mutant was �10% of the WT
rate (Fig. 2B and C). In contrast, the R86A, N104A, R89A, and
Q95A viruses spread at rates of between 60% and 90% of that of
the WT virus (Fig. 2A and C). The E99A virus was less robust,
spreading at approximately half the WT rate. When the tempera-
ture was raised to 42°C, all mutants showed further reduction in
infectivity. The E99A mutant was particularly temperature sensi-
tive, with its activity reduced at 42°C to the level of the severely
crippled D87A and K107A viruses (Fig. 2C). These data indicate
that the side chains at all seven positions influence virus infectivity
but that the charged residues D87, E99, and K107 are particularly
important.

Preservation of charge is necessary for virus infectivity. Ad-
ditional substitutions were created to test the importance of
charges in the FL region. Strikingly, placement of the opposite
charge at all five charged residues (R86, D87, R89, E99, and K107)
resulted in completely noninfectious viruses (Fig. 2D). Similarly,
the replacement of N104 with aspartate (which is the natural allele
in most strains of RSV) allowed strong replication, while its
charged-reversed N104K allele prevented virus spread (Table 1).

FIG 2 Infectivity of wild-type virus and FL mutant viruses. (A and B) Spread
of WT and FL alanine substitution viruses in DF1 cells over 14 days at 37°C
detected by GFP expression. (C) The rate of virus spread for WT and Ala
mutants at two temperatures was expressed as the �ln(percent green cells) per
day over the period of exponential growth. The dotted line marks the practical
limit of accurate rate determination. Spreading rates for mutant viruses at
37°C were compared to those for the WT by one-way analysis of variance
(ANOVA), with Bartlett’s test used to verify equal variances (***, P � 0.001).
For each bar, n 	 4. (D) Rate of spread for WT and charge-manipulated viruses
in DF1 cells at 37°C. Results for the Ala mutants (hatched bars) are reproduced
from panel C for comparison.

TABLE 1 Gag release and virus infectivity phenotypes of CA flexible-
loop mutant viruses

WT
residue

Mutant
residue

Gag/CA release
(mean 
 SD)a,b

Rate of spread
(mean 
 SD)b,c

All 1.44 
 0.46 0.80 
 0.17

R86 A 1.38 
 0.42 0.62 
 0.07
D 1.28 
 0.17 �0.05***
K 1.84 
 0.32 0.73 
 0.14

D87 A 0.83 
 0.73 0.08 
 0.09***
R 0.00 
 0.01** �0.05***
E 1.92 
 0.69 0.28 
 0.02***
N NDd 0.14 
 0.08***

R89 A 1.19 
 0.75 0.57 
 0.07*
D 1.14 
 0.60 �0.05***
K 1.01 
 0.02 0.58 
 0.25*

Q95 A 1.07 
 0.31 0.89 
 0.06
E 0.46 
 0.44 0.78 
 0.09

E99 A 1.25 
 0.48 0.41 
 0.04**
K 0.73 
 0.93 �0.05***
D 0.89 
 0.81 0.70 
 0.02
Q ND 0.19 
 0.03***

N104 A 0.58 
 0.43 0.59 
 0.07*
R ND �0.05***
D ND 0.63 
 0.001*

K107 A 1.02 
 0.85 �0.05***
D 0.33 
 0.46 �0.05***
R 1.75 
 0.45 0.30 
 0.04***

a Particle release was quantified from measurements of 35S-labeled CA in supernatants
of transfected cells, normalized for Gag expression, as described in Materials and
Methods.
b Statistical analyses are described in the legend to Fig. 2C. ***, P � 0.001; **, P 	 0.001
to 0.01; *, P 	 0.01 to 0.05.
c Rates of virus spread were calculated from values for the percentage of GFP-expressing
DF1 cells during the exponential phase of virus spread at 37°C and are expressed as
�ln(percent green cells) per day (60).
d ND, not done.
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Conservative substitutions that preserved the amino acid
charge led to the production of viruses that retained considerable
infectivity. The D87E, E99D, and K107R mutants were each sig-
nificantly more infectious than their corresponding alanine vari-
ants by a factor of 2- to 6-fold (P � 0.05) (Fig. 2D). Next, the acidic
residues (D87 and E99) were replaced with their amide derivatives
to remove charge while retaining overall size and polar character.
Neither the D87N nor the E99Q virus showed greater replication
capability than its alanine counterpart; in fact, the rate of spread of
the E99Q virus was only half that of the E99A virus. Thus, the
presence of a side chain capable of hydrogen bonding was insuf-
ficient to support function, arguing for the importance of the
charge at these positions.

Particle release and morphology. To assess the effects of the
mutations on particle production, transfected QT6 cells were met-
abolically labeled and CA-related proteins in cell lysates and me-
dium samples were analyzed by immunoprecipitation (Fig. 3 and
Table 1). Gag expression levels measured from lysates of all mu-
tants were similar to those of the WT. Gag protein appeared to be
processed normally into CA in all mutants, and no abnormal
cleavage products were seen in lysates or medium fractions (Fig.
3A and data not shown). Only two mutations, both charge rever-
sals, caused potent effects on particle production: CA release was
abolished by the D87R mutation and severely impacted in the

K107D virus (Fig. 3B). The E99K charge swap reduced the average
CA release, but the experiment-to-experiment variability was high
and the difference was not statistically significant (P 	 0.05). Most
of the other mutants were similarly variable. In total, FL function
in particle release is quite tolerant of mutation, with the notable
exception of the charge swaps at D87 and K107.

Since alterations at the D87, E99, and K107 positions produced
the most dramatic effects on infectivity, we next examined the
morphology of D87A, E99A, and K107A particles produced by
transfected QT6 cells at 37°C by TEM of embedded and thin-
sectioned specimens. Typical WT virions of 110 to 140 nm in
diameter and roughly spherical morphology with electron-dense
central cores were observed in abundance and often in clusters
near the cell surface of the expressing cells (Fig. 4A). The capsid
shells are not typically preserved in such analyses of RSV; the dense
core represents the nucleocapsid component of the virion.

Normal-appearing mature virus particles were present in sam-
ples of cells infected with the replication-crippled K107A and
D87A viruses but were very rare in the latter case (Fig. 4B, C, E, and
F). In addition, these cells produced heterogeneous particles of
random size, electron-dense membrane features reminiscent of
Gag accumulation, and large-scale cell membrane disturbances.
In contrast, the E99A virus produced large amounts of normal-
appearing particles (Fig. 4D). The diameters of particles with WT-
like features were measured for each mutant except for the D87A
virus, in which the numbers were vanishingly small. The size dis-
tributions of E99A and K107A particles overlapped but were
broader than that of the WT, as evidenced by the standard devia-
tions, although the mean diameters were not statistically signifi-
cantly different (Fig. 4J). The three conservative substitution mu-
tants D87E, E99D, and K107R produced abundant WT-like
virions (Fig. 4G to I) without evidence of the membrane distur-
bances seen with the alanine mutations.

Particle size distribution. Sucrose gradient rate-velocity sedi-
mentation allows an unbiased comparison of the entire popula-
tion of CA-containing particles released from cells. We examined
the sedimentation of radiolabeled mutant particles (Fig. 5) in 10 to
30% sucrose gradients. Protease-deficient (Gag3h) virus-like par-
ticles, which resemble WT RSV in size distribution pattern (59,
81), were mixed with each mutant virus sample as an internal
control for the comparison of size distributions and an indicator
of reproducibility of the sucrose column in the different tubes.
The gradient profile for the D87A mutant was consistent with
impressions from the TEM experiment. While a subset of released
particles sedimented with the control peak, the total D87A popu-
lation was markedly more heterogeneous than the internal con-
trol, with a considerable proportion of CA protein near the top of
the gradient. Only 42% of D87A CA was found in the three central
fractions that contained 71% of the internal control (Fig. 5A). In a
duplicate gradient, only 23% of the D87A mutant (versus 54% for
the control) was present in the central 3 fractions (data not
shown). In contrast, the E99A and K107A particles were less het-
erogeneous than the D87A particles (Fig. 5B and C), while the
conservative substitution viruses E99D and K107R were virtually
identical to the internal control (Fig. 5E and F). The D87E parti-
cles formed a more symmetric peak than did the D87A particles,
although the particles were slightly larger than the control (Fig.
5D). In total, the gradient profiles confirm the presence of nor-
mal-sized particles in all mutants, consistent with the TEM find-

FIG 3 Detection of virus release for wild-type virus and FL mutant viruses. (A)
Representative data for Gag/CA release and processing in mock-, WT-, and
R86A-transfected QT6 cells. CA-related proteins were immunoprecipitated
from cell lysate (L) and medium (M) samples, as described in Materials and
Methods. (B) Particle release as quantified from measurements of 35S-labeled
CA in supernatants of transfected cells, normalized for Gag expression, as
described in Materials and Methods. All particle release experiments were
performed in triplicate.
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ings, but also support marked irregularity in the particle size dis-
tribution in the case of the D87A mutant.

In vitro Gag assembly. To assess whether the disorder in par-
ticle regularity described above for the D87A virus could be repro-
duced in vitro with purified Gag protein, we attempted to test the
effects of mutations on the assembly capability of a truncated Gag
protein, �MBD�PR, that has been used extensively for RSV Gag

studies. The WT �MBD�PR protein (Fig. 6) assembled into
spheres of 60 to 65 nm diameter showing the characteristic dou-
ble-layered organization that is determined by the NTD and CTD
CA domains (42, 82). Unfortunately, the D87A mutant protein
was expressed in E. coli but precipitated uncontrollably during
purification, and its assembly behavior could not be analyzed. The
same was true of proteins bearing the D87R and K107D charge

FIG 4 Representative electron micrographs of thin sections of QT6 cells transfected at 37°C with WT or mutant proviral plasmids. (A to I) Examples of particles
with typical morphology are marked with open triangles. Black arrows mark areas of density that may represent Gag accumulation at membranes. Black boxes
surround viral particles with heterogeneous features (e.g., large particles or ones with fragmented, multiple, or eccentric nuclei). Bars 500 nm. (J) Size distribution
of viral particle diameters measured from electron micrographs using ImageJ software.
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swap mutations. In contrast, the D87E and E99A mutations,
which allowed robust particle formation in vivo, also permitted
the in vitro assembly of Gag structures indistinguishable from the
WT, as did the K107A substitution.

Structural consequences of D87 mutations. MD simulations
employing the recent computational model for the WT Gag lattice
revealed a number of intermolecular electrostatic and H-bond
interactions contributed by the FL residues (see Table S1 in the
supplemental material), many of which had been predicted by the
p10-CA dimer crystal structure (83) and/or the recent cryo-to-
mography model (47). One such interaction observed by MD was
the transient intrahexameric bonding between a cluster of charged
FL residues (R86, D87, and R89) and several residues in the CA N
terminus that form the �-hairpin upon proteolytic processing
(Fig. 7A; see Table S1 in the supplemental material) previously
noted by Schur et al. (47). Besides intermolecular interactions,
D87 also forms a prominent intramolecular salt bridge with R89
in the same monomer at 84% likelihood as determined by struc-
tural clustering. In addition, residue E99 in the large loop forms an

FIG 6 Electron micrographs of negatively stained, in vitro-assembled WT
(�MBD�PR) Gag protein and three FL mutant variants. Bars, 100 nm.

FIG 5 Analysis of particle size by rate zonal centrifugation in 10 to 30% sucrose gradients. (A) D87A mutant; (B) D87E mutant; (C) E99A mutant; (D) E99D
mutant; (E) K107A mutant; (F) K107R mutant. Dotted vertical lines mark the peak fractions of the Gag 3-h internal control. Arrows indicate the direction of
sedimentation. All experiments were performed in triplicate.
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intramolecular interaction with R125 at a 50% likelihood, which
may help to stabilize the region by anchoring the loop to helix �7.

The D87E, D87A, D87R, E99A, and E99Q changes were intro-
duced into the Gag lattice model in silico, and effects on the surface
charge distribution and the network of interactions were exam-
ined (Fig. 7C; see Table S1 in the supplemental material and Fig.
S1 at http://hdl.handle.net/2142/89695). Removal of a negative
charge at position 87 or 99 resulted in a noticeable accumulation
of positive charges at the interhexameric interfaces of the lattice.
In addition, the D87A substitution caused an approximately
2-fold increase in flexibility of the CA monomer in the large loop
(residues 90 to 95) compared to the WT protein (Fig. 7B). No
similar alterations in flexibility were observed with the other mu-
tants.

The three mutations introduced at position 87 (D87E, D87A,
and D87R) each caused unique effects on the intramolecular in-

teraction between D87 and R89 observed in silico. The D87A and
D87R mutations effectively reduced the frequency of D87-R89
bonding from 84% to 22% and to 0%, respectively. Furthermore,
when R89 was freed from its interaction with D87 by the D87A
substitution, it gained the ability to adopt alternate conforma-
tions, forming intramolecular and intermolecular interactions
with nearby polar residues that were not seen in the WT lattice (see
Table S1 in the supplemental material). Additionally, introduc-
tion of D87R enables residue 87 to interact with neighboring N-
terminal CA residues such as E7, G8, and P9. Thus, D87A and
D87R both disturb the network of interaction observed in WT and
result in an accumulation of positive charges at the interhexameric
interface (Fig. 7A and C; see Fig. S1 at http://hdl.handle.net/2142
/89695).

The conservative D87E change, which in vivo allowed the pro-
duction of abundant amounts of normal appearing but poorly

FIG 7 Mutations at residues 87 and 99 alter properties of the immature lattice. The effects of mutations on the Gag lattice structure were predicted based upon
the WT MD model of Goh et al. (46). (A) D87A alters the conformations adopted by R89 and its network of interactions. Hydrogen bonds are shown as black
lines. (B) The flexibility of residues 90 to 95 in the FL large loop is markedly increased upon D87A mutation as reflected by RMSF. (C) Surface electrostatic
potential maps show that the removal of negative charges by D87A or E99Q leads to accumulation of positive charge at the interhexameric interface (black
arrows). Only the NTD is shown for clarity. (D) The D87E change alters the interactions of residue E41 at the NTD dimer interface. E41 interacts with R141 and
R145 (black lines) across the interface in WT but favors contact with Q138 and R145 in the D87E lattice. Helices 2 and 7 are shown as solid ribbons and the
remainder of the NTD as translucent ribbons.
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infectious particles, slightly increased the likelihood of interaction
with R89 from 84% (WT) to 93%. More striking, however, were
long-distance effects of D87E on CA-CA interactions. In the WT
lattice, E41 on helix 2 interacts prominently with residues Q138,
R141, and R145 in a polar cluster on the lower half of �7, which
make the primary point of NTD-NTD contact across the dimer
interface (Fig. 7D, left; see Table S1 in the supplemental material).
The D87E substitution shifted the frequency of E41 interactions to
favor contact with Q138 and R145 rather than R141 (Fig. 7D,
right).

A second-site suppressor of D87E. Spontaneously arising sec-
ond-site suppressors have proven to be a powerful and unbiased
means to reveal functional relationships between residues in RSV
CA (67, 69, 84, 85). For this study, three mutant viruses (D87E,
E99A, and E99C) were put through a serial passaging protocol to
encourage outgrowth of new genetic variants. These experiments
were repeated seven times for D87E and three times for E99A.
Reversion to the WT residue was observed at position 99 in one
E99A trial. The E99C mutant, not otherwise characterized in this
study, behaved like E99A and showed a tendency to revert to WT,
with no second-site suppressors found. In the case of D87E, seven
viruses with improved infectivity were isolated and sequenced. Of
these, five had reverted to the WT aspartate, while two indepen-
dently acquired a second mutation, an alanine-to-valine change at
position 134 on helix �7 (A134V).

To test the impact of the suspected suppressor on infectivity, a
new A134V proviral vector was created. The resulting A134V virus
was moderately compromised compared to the WT (Fig. 8A),
consistent with previous observations of suppressors of crippling

CTD mutations (67, 69, 85). However, the addition of A134V to a
D87E provirus improved virus infectivity convincingly compared
to D87E alone. The double mutant virus infected susceptible DF1
cells at a rate 54% of that of the WT, compared to 16% for the
D87E virus, confirming A134V as a partial suppressor of the D87E
lesion.

Relevance of D87 for mature CA function. Since the near-
normal morphology of D87E virions and in vitro assembly
products indicates normal Gag assembly functions, we next
used detergent extraction of mature virions to determine
whether compromised core integrity might contribute to the
poor infectivity of D87E (54, 69). The D87E virions were in-
deed strongly detergent sensitive; only 5.6% (
7.3%) of CA
remained pelletable after exposure to Triton X-100, versus
46.7% (
13.2%) for WT virions (Fig. 8B). In the double mu-
tant D87E A134V virus, however, CA detergent resistance was
markedly improved to 33.2% (
12.4%), suggesting that the
A134V substitution confers near-normal capsid stability to vi-
ruses bearing the D87E mutation.

To test whether the capsid stability defect of the D87E virus
could be observed during in vitro CA assembly, WT and mutant
CA proteins were purified and triggered to self-assemble capsid-
like structures by the addition of phosphate (72). The sigmoidal
kinetics of assembly for the D87E protein were indistinguishable
from those of WT CA (Fig. 8C), and TEM imaging revealed pop-
ulations of small spherical particles and larger structures similar to
the WT CA (Fig. 8D). The D87E A134V double mutant and
D87E proteins behaved identically. Thus, consistent with cur-
rent models for the mature capsid, in which neither D87 nor

FIG 8 Characterization of an A134V suppressor of the D87E mutation in virus and in vitro CA assembly. (A) Growth curves for the WT and D87E, A134V, and
D87E A134V viruses at 37°C. Each line shows an average of at least four repeats with two different viral clones. (B) Detergent stability of WT, D87E, and D87E
A134V virus capsids. The percentage of stable CA was calculated from the amount of pelletable CA after detergent exposure relative to the total CA, as described
in Materials and Methods. (C) Kinetics of in vitro phosphate-driven assembly of CA proteins. (D) In vitro assembly products imaged by negative staining and EM.
Bars, 100 nm.
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A134 makes intermolecular contacts, the D87 residue is not
critical for formation of mature CA-CA interactions as assessed
in vitro. Instead, the compromised core stability in D87E viri-
ons (Fig. 8B) may result from disturbances at an earlier stage of
maturation when CA proteins, after cleavage from Gag, must
separate to allow the rearrangements that lead to capsid forma-
tion.

The top and bottom of the NTD are dynamically coupled. If
infectivity and core defects in the D87E virus are related to the
altered intermolecular interactions seen with MD modeling of the
mutant lattice, we predicted that the addition of the second-site
suppressor A134V to the lattice simulation may correct the
changes in these interactions. This effect is indeed evident in a
D87E-A134V model (see Table S1 in the supplemental material).
MD simulations that include the second-site suppressor A134V
showed shifts in the frequencies of intermolecular interactions
involving residues E41, Q138, R141, and R145 at the point of
NTD-NTD contact in the immature lattice, restoring the contacts
that were disturbed by D87E (as noted above) to a more WT-like
pattern. In the double mutant, A134V reduces the frequency of the
E41-R145 interaction while increasing the E41-R141 contact (see

Table S1 in the supplemental material). The presence of the
A134V mutation also increases the buried surface area in this re-
gion of the dimer interface by an average of 15 Å2 per monomer
compared to the WT lattice.

The reversal of the core stability and infectivity deficits in D87E
virions by the A134V compensatory change suggests that long-
range communication occurs between the FL and helix �7. There-
fore, we applied dynamical network analysis to our MD models to
identify dimer interface residues whose motions are highly corre-
lated (77). This approach identified a route of communication
between D87 and R145 along an optimal pathway that in the WT
lattice includes residues D87, A83, and V80 near the top of helix 4
and residues S135, Q138, R141, and R145 in the lower part of helix
7 in the same NTD (Fig. 9A and B).

We employed “dynamic coupling” as a relative measure of the
strength of communication, inversely related to the degree to
which the motion of a pair of residues is correlated. Figure 9C
presents the dynamic coupling between D87 and helix 7 residues
in the WT lattice (blue bars). The low values for Q138, R141, and
R145, as well as their interacting partner E41, indicate a strong

FIG 9 Network analysis identifies a communication pathway across the NTD. Residues 87 (at the junction of �4 and the FL) and 145 (�47) are dynamically
coupled via a communication pathway in the monomeric CA (gray). (A) Residues that constitute the optimal pathway for the WT are labeled. Helix 7 is colored
in yellow, while other helices are in light gray. The communication pathway is shown in green. (B) Histogram of the WT residues involved in the pathways
connecting D87 and R145, showing the frequency at which a particular residue was identified in one of the 6,000 calculated paths. (C) The average dynamic
coupling along all calculated paths connecting residue 87 with residues E41, Q138, R141, and R145 is shown for the WT and mutant lattices. Dynamic coupling
is a measure of the length of a highly correlated path of residues between two nodes (77) that is inversely correlated to the strength of communication. The asterisk
indicates coupling across the dimer interface, i.e., between D87 of monomer 1 and R145 of monomer 2.
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correlation between these residues and D87 that is not seen for two
residues (V2 and I4 near the CA N terminus) that are not part of
the observed pathway.

Analyses of the D87E and D87E-A134V lattices predict effects
of the mutations that correlate with the phenotypes in vivo. The
primary route of communication was not altered by D87E (see
Fig. S2 at http://hdl.handle.net/2142/89695). However, the D87E
crippling mutation reduced the strength of the dynamic coupling
between D87 and each of four residues in the pathway (E41, Q138,
R141, and R145) as indicated by the higher average values com-
pared to those for the WT (Fig. 9, red bars). Also, the high stan-
dard deviations observed at points all along the pathway argue
that there is increased heterogeneity in the available pathways in
this mutant. The latter is evidenced as well by the appearance of
residues V40 to L48 from the neighboring monomer in the ensem-
ble of pathways for D87E (see Fig. S2B at http://hdl.handle.net/2
142/89695). Importantly, the A134V compensatory mutation,
which is located at the point of crossover along the �4-�7 com-
munication path, restored the strength of dynamic coupling that
was compromised by D87E (Fig. 9C, cyan bars). In contrast, three
residues that are not part of the communication pathway (V2 and
I4 in the same monomer and R145 of the adjacent monomer)
failed to show similar responses to the D87E and A134V muta-
tions. In total, these findings suggest that A134V suppresses the

D87E maturation defect by correcting defects in long-distance
communication caused by mutation in the FL.

DISCUSSION

The flexible-loop region, like many parts of CA, plays distinctly
different structural and functional roles in immature particles
versus the mature infectious virions. In the immature particle,
the FL is contained within a larger portion of the NTD region
that forms closely packed NTD-NTD contacts (46, 47). In con-
trast, the FL is displayed on the outer capsid surface in the
mature virus and does not appear to form direct protein-pro-
tein contacts (Fig. 10). With this study, we sought to assess the
contributions of individual FL residues to the assembly path-
way and thereby provide important functional data in the con-
text of evolving models for RSV structure. Residue D87 at the
beginning of the FL (Fig. 1) was found to play a dual role,
making important contributions to the functional Gag lattice
and controlling core maturation via long-distance communi-
cation with the distal half of helix �7.

Overall, RSV Gag assembly function proved to be quite toler-
ant of most single point mutations, with the exception of certain
charge reversals. Attention was focused on the three of seven res-
idues that proved most important for virus infectivity. The pres-
ence of a subset of particles of normal size and shape seen by TEM

FIG 10 Positions of the key residues in the immature and mature hexamers. Key residues D87 (blue), E99 (red), K107 (yellow), A134 (green), and R145
(black) are marked with spheres. The CA dimer in the immature lattice is enlarged in the boxes in panel A. Residues 87 and 134 reside at the NTD dimer
interface in the immature lattice (A), while none of the key residues forms any intermolecular interaction in the mature CA lattice of Cardone et al. (20)
(B). Only the NTD and CTD are shown. The intermolecular contacts that are featured in Fig. 7D do not exist in mature virus and are not shown here.
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and sucrose gradient analyses of the D87A, E99A, and K107A mu-
tants showed that none of these residues is individually essential
for Gag to form the higher-order interactions that build the im-
mature lattice. The latter two Gag proteins were also able to as-
semble particles of normal size in vitro. This retention of Gag
assembly capacity despite mutations in prominent CA-CA inter-
faces suggests that Gag lattice assembly can accommodate certain
variations in protein packing and/or that redundancy of interac-
tions in the complex NTD network allows many single point mu-
tations to be introduced with little effect on the overall immature
lattice structure. Both are consistent with the large body of struc-
tural and genetic data for HIV, M-PMV, and RSV, which has
documented that the CA CTD, rather than the NTD, is the pri-
mary determinant of Gag organization in immature retrovirus
particles (3, 44, 45, 47, 57, 81, 86).

In spite of the relative tolerance of this region to mutation, the
severe release deficits with charge reversals at D87 and K107 and
the partial dysregulation of particle size and shape seen by TEM
and gradient analysis of D87A and K107A viruses are all consistent
with the location of these residues at points of NTD-NTD packing
in the immature lattice models of Schur et al. and Goh et al. (46,
47). The two models for the RSV Gag lattice were developed by
entirely independent approaches that yielded essentially the same
protein packing, which bears similarity to that of immature M-
PMV virions. The findings presented here provide important bi-
ological support for these models and are also consistent with
previous studies showing that deletions across the RSV FL region
allow assembly and budding but disturb the size distribution of
released particles (59).

All-atom MD simulations provide both a high-resolution look
at the extensive NTD-NTD interfaces of the RSV Gag lattice and a
rationale for the assembly-disruptive effects of mutations at key
positions. The major NTD-NTD interhexameric dimer interface
involves much of the FL, with additional contributions from �2
and �7 (Fig. 7D and 10A). In addition, the loop between helices �5
and �6 participates in trimeric interactions between NTD hexam-
ers (46). Throughout the FL region, the R86, D87, R89, E99, and
K107 residues participate in an extensive network of electrostatic
and hydrogen bonds across NTD-NTD interfaces as well as intra-
molecular interactions within the FL.

D87 sits within a cluster of charged residues (R86-D87-R89)
at the end of helix �4 and the beginning of the large �4-�5 loop
and is involved in hydrogen and electrostatic interactions both
within and between monomers (Fig. 1 and 7A). Disruption of
the interactions involving D87 may explain the suboptimal
particle release and disordered morphology in vivo as well as
the aggregation of the mutant Gag proteins upon purification
observed with the D87A and D87R mutations. Specifically, loss
of the intramolecular D87-R89 salt bridge due to D87A in-
creases flexibility within the large loop (residues 95 to 100 [Fig.
7B]) and also allows R89, which is normally constrained in the
WT particle by its interaction with D87, to make rogue inter-
and intramolecular interactions with nearby residues (see Ta-
ble S1 in the supplemental material).

Similarly positioned D83 and R85 residues occur in the MLV
CA, and an X-ray crystal structure for an MLV CA hexameric
lattice showed that these make salt bridge interactions around a
3-fold interhexameric interface. Although this arrangement has
not been confirmed in immature virions, charge-neutralizing mu-
tations in this region of the MLV Gag protein led to its accumula-

tion at the cell membrane and destroyed particle release (16), con-
sistent with the RSV mutant phenotypes described in this present
study.

Playing a distinctly different role than that of D87, K107 lies at
the beginning of the �5-�6 loop and, in the MD model of an
assembled Gag particle, at the point of 3-fold lattice symmetry
where the three lysines coordinate a chloride ion (46). The alanine
substitution may introduce variability into hexamer packing by
preventing these local electrostatic interactions, thereby dysregu-
lating normal lattice curvature and producing the particle heter-
ogeneity observed in K107A by EM and gradient analysis. This
effect appears unlikely, however, to fully explain the magnitude of
the infectivity defect in K107A.

Role of the FL in host factor interactions? The above analyses
do not preclude possible effects of some FL mutations on other
aspects of the virus life cycle, which could include alterations of
protein targeting, membrane binding, or interactions with host
factors. It is possible that infectivity defects in some FL mutants,
most notably those with mutations involving E99, may be due in
part to disturbance of interactions between CA and an unknown
cytosolic protein or proteins. E99 lies within the large �4 -�5 loop
in RSV CA, which is among the most mobile regions in mono-
meric CA (87). This mobility is reflected in the considerable struc-
tural heterogeneity of these loops at various positions in the lattice
model (not illustrated here) and the prominent peak in the RMSF
plot, centered around residue 97 (Fig. 7B). E99 interacts with R125
(about 50% of the time in the MD simulations), which anchors the
loop to helix �7 and potentially provides stability to the region.
Loss of this interaction may contribute to the strong temperature
sensitivity seen in the E99A mutant (Fig. 2C). Overall, however,
the assembly of the RSV E99 mutants appears normal. The E99A
Gag assembly behavior was largely unaffected in vivo and in vitro,
as were CA assembly and capsid stability (data not shown). We
note that the structurally analogous loops in HIV and MLV have
been implicated in binding of the restriction factors TRIM5a and
Fv-1, respectively, and cyclophilin A in HIV. Thus, it is possible
that some or all of the infectivity deficits seen in the E99A and
E99Q viruses reflect altered interactions with as-yet-to-be discov-
ered host factors. This scenario is also consistent with our failure
to isolate intragenic suppressors of these two mutations (see Re-
sults).

Contribution of D87 to mature core formation. The pheno-
type associated with the charge-conserving D87E mutation in-
dicates a strong influence of this region on core formation
during maturation. Gag function was normal in D87E virus as
indicated by both in vivo analyses and in vitro Gag assembly.
However, the released particle cores exhibited a detergent-sen-
sitive phenotype comparable to that caused by potent matura-
tion-preventing CTD mutations in RSV (54, 69). Soluble D87E
CA protein showed no deficit in assembly activity in vitro con-
sistent with the surface-exposed location of the D87 in the
capsid model (Fig. 10B). Instead, the in vivo core maturation
defect is more likely due to a failure of the Gag interfaces to
properly separate upon PR cleavage or otherwise rearrange
properly to allow capsid formation. This is strongly supported
by the properties of the spontaneous A134V suppressor, which
corrected both the infectivity and core stability defects caused
by D87E and in in silico simulations counteracted long-range
disturbances of intermolecular bonds involving the lower half
of helix �7 (see Table S1 in the supplemental material).
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Such long-range effects of core maturation suppressors have
been a recurring theme in studies of RSV assembly. Alterations of
highly conserved residues in the CTD major homology region
sequence compromise the ability of mature CA to form the CTD-
CTD dimer interface. This effect can be suppressed by any one
of several secondary mutations scattered across the CA se-
quence, including the NTD (67, 69, 85). Also, a crippling
�-hairpin substitution, K5R, was optimally suppressed by a
combination of two mutations, R86C and C192R, in the FL and
the CTD dimer interface, respectively (63). In this study, net-
work analysis of the MD Gag lattice model identified a pathway
of communication connecting the beginning of the FL with the
lower half of helix 7. The strength of the dynamic coupling
between these opposite ends of the NTD was modulated by the
D87E and A134V substitutions in a fashion that correlated with
their effects on infectivity and stable core formation, arguing
for relevance to the maturation pathway.

D87 contributes to a local network of electrostatic interactions
that includes residues near the N terminus of CA (Fig. 7A) (46,
47). Schur and coauthors (47) suggested that cleavages upstream
of CA help to regulate maturation by disrupting the interaction of
p10 with the CA NTD. The analyses presented here suggest an
additional possibility for future consideration: that cleavage at the
p10-CA junction and/or folding of the �-hairpin can trigger cap-
sid formation via allosteric signaling across the NTD, promoting
the switching of interactions involving the C-terminal half of helix
�7 that was previously noted by Goh et al. (46). Similarly, dynamic
allostery has been observed in assembled complexes of HIV CA,
which demonstrate distal structural alterations when CypA binds
(88).

Overall, this study supports a role for FL residues in allow-
ing appropriate NTD packing, leading to the release of well-
formed immature virions, and in the proper management of
the many possible electrostatic interactions that are critical
during maturation to allow the CA domains to separate, rear-
range, and transition to the final, infectious retroviral capsid.
Evolution has selected for an appropriate balance of charge
across the surface of CA and the capsid that permits the com-
peting functions in Gag assembly, core maturation, and the
early postentry events to be accommodated in support of effec-
tive virus replication.
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