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In a mature and infectious retroviral particle, the capsid pro-
tein (CA) forms a shell surrounding the genomic RNA and the
replicative machinery of the virus. The irregular nature of this
capsid shell precludes direct atomic resolution structural anal-
ysis. CA hexamers and pentamers are the fundamental building
blocks of the capsid, however the pentameric state, in particular,
remains poorly characterized. We have developed an efficient in
vitro protocol for studying the assembly of Rous sarcoma virus
(RSV) CA that involves mild acidification and produces struc-
tures modeling the authentic viral capsid. These structures
include regular spherical particles with T = 1 icosahedral sym-
metry, built from CA pentamers alone. These particles were
subject to cryoelectron microscopy (cryo-EM) and image pro-
cessing, and a pseudo-atomic model of the icosahedron was cre-
ated by docking atomic structures of the constituent CA
domains into the cryo-EM-derived three-dimensional density
map. The N-terminal domain (NTD) of CA forms pentameric
turrets, which decorate the surface of the icosahedron, while the
C-terminal domain (CTD) of CA is positioned underneath, link-
ing the pentamers. Biophysical analysis of the icosahedral par-
ticle preparation reveals that CA monomers and icosahedra are
the only detectable species and that these exist in reversible
equilibrium at pH 5. These same acidic conditions are known to
promote formation of a RSV CA CTD dimer, present within the
icosahedral particle, which facilitates capsid assembly. The
results are consistent with a model in which RSV CA assembly is
a nucleation-limited process driven by very weak protein-pro-
tein interactions.

Retroviruses undergo a complex, multistaged assembly proc-
ess directed by a precursor polyprotein Gag (1, 2). Several thou-
sand copies of Gag assemble into a spherical immature virion;
their N-termini associated with inner viral membrane and their
C termini contacting the RNA genome in the particle interior.
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Sometime after particle budding, in a process termed matura-
tion, Gag is cleaved by the viral protease, releasing the matrix,
capsid (CA),* and nucleocapsid proteins, the major structural
proteins of the mature virus. CA reorganizes to form the exter-
nal shell of the viral core, inside which the genomic RNA and
the replicative enzymes of the virus are packaged. During the
early stages of viral infection, the core is delivered into the cyto-
plasm of the host cell where uncoating of the core and reverse
transcription take place (3). Regulated dissociation of the cap-
sid shell surrounding the core appears to be critical for progres-
sion of the infection cycle (4—6) and interference with this
process forms part of the innate immune response in many
species (7—10). Because of its central role in the viral replication
cycle, the organization of the retroviral core, and the pathways
through which CA assembles during particle maturation have
been widely investigated.

Application of cryoelectron microscopy (cryo-EM) tech-
niques has enabled visualization of authentic retroviral cores;
however the resolution achieved to date does not enable a
molecular interpretation. Cores within mature virus particles
are polymorphic (11-17). They have a conical appearance in
human immunodeficiency virus (HIV-1), and a more polyhe-
dral shape in Rous sarcoma virus (RSV). The polymorphism of
viral cores precludes averaging, and limits the resolution of
structural analysis. However, under appropriate conditions, CA
can be assembled in vitro into more regular structures that
mimic the authentic core (18-26). High-resolution cryo-EM
studies of the in vitro assembly products, in combination with
x-ray diffraction and solution NMR spectroscopy studies of CA
and its constituent domains have helped clarify the basic
aspects of capsid architecture.

CA is composed of two independently folded, predominantly
a-helical domains, connected by a short and flexible linker.
Despite morphological differences, the mature capsid has a
common molecular organization across all retroviral genera. It
is built in large part from an array of hexameric CA (24, 27-29),
where the hexameric rings of the N-terminal domain (NTD) are
linked to neighboring rings via dimerization of the C-terminal
domain (CTD) (18, 30, 31). The NTD thereby forms the capsid
exterior, while the CTD is positioned underneath, facing the
capsid interior. Heterotypic NTD-CTD interactions are also

“The abbreviations used are: CA, capsid protein; RSV, Rous sarcoma virus;
cryo-EM, cryoelectron microscopy; NTD, N-terminal domain; CTD, C-termi-
nal domain; HIV-1, human immunodeficiency virus type-1; CLP, core-like
particle; TEM, transmission electron microscopy; CTF, contrast transfer
function; ACF, intensity autocorrelation function; SEC, size exclusion chro-
matography; DLS, dynamic light scattering; MOPS, 4-morpholinepropane-
sulfonic acid.
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FIGURE 1. A model for proton-driven assembly of the icosahedral particles. Proton uptake by an aspartic
acid located on the surface of the CTD promotes dimerization of RSV CA monomers. The dimer acts as a
nucleating species. Subsequent addition of CA monomers results, in some instances, in the formation of T = 1

icosahedra. UCSF Chimera was used to generate this figure and Figs. 2 and 3.

critical for capsid formation and stability (27, 29, 32, 33). For
HIV-1, structural descriptions of the mature hexameric capsid
array have advanced to atomic resolution (29).

Given that the capsid cannot be closed with hexamers alone,
it has been conjectured that capsid pentamers must exist to
enable closure of the shell (24, 34). Very recently, this notion
received direct experimental support, through a cryo-EM study
that visualized RSV CA pentamers within icosahedral assem-
blies, as well as the interactions between CA pentamers and
hexamers (19). Pentameric and hexameric CA rings are con-
structed through slight variation of essentially similar inter-
faces. Diversity in the positioning of the pentameric rings
within the capsid, and in the intrinsic curvature of the hexago-
nally packed capsid surface, is now hypothesized to give rise to
the observed differences in core morphology between the ret-
roviral genera (19, 29, 34).

Less is known about the intermolecular forces which help
form and stabilize the capsid, and the pathways through which
the capsid assembles. HIV-1 CA exists in a reversible mono-
mer-dimer equilibrium at neutral pH, with dimerization occur-
ring via the CTD. In the presence of salt or crowding agent it
can be induced to further assemble in vitro into tubular and
conical structures, which resemble the viral core (20, 21, 23, 24).
RSV CA, in contrast, remains monomeric at neutral pH. It can
however be induced to assemble in vitro either by mild acidifi-
cation (18, 22), or by the addition of anions such as phosphate
(25, 26). In the case of mild acidification, the assembly products
are a mixture of planar sheets composed purely of CA hexam-
ers; “T = 1” icosahedra composed purely of CA pentamers; and
Core-Like Particles (CLPs), which are inferred to contain both
hexamers and pentamers (supplemental Figs. S1 and S2).

The promotion of capsid assembly by acidification is under-
stood in structural terms. Protonation of an aspartic acid resi-
due within the CTD facilitates dimerization of CA (18), which
in turn drives higher-order capsid assembly (Fig. 1). Addition of
sodium phosphate to RSV CA at neutral pH results in the for-
mation of similar assembly products although the underlying
mechanism is not completely defined. However, both proton-
driven and phosphate-driven assembly of RSV CA seem to
involve a nucleation step (18, 25). This also appears to be the
case for in vitro assembly of HIV-1 CA (35).

The T = 1 icosahedron generated by mild acidification, and
composed purely of RSV CA pentamers, is the subject of this
study. We report a moderate resolution three-dimensional
reconstruction, derived from cryo-EM images of such icosahe-
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3 dral particles. By docking known
atomic structures of the NTD and
CTD into the density map, a pseu-
do-atomic model of the icosahe-
dron is constructed. Comparison
with a model previously generated
for the phosphate-assembled T = 1
icosahedral particles, shows that
regardless of the conditions used to
initiate assembly, there isa common
structural outcome. Our structural
model is consistent with the finding
that proton-driven dimerization of
the CTD facilitates capsid assembly. Biophysical characteriza-
tion of the icosahedral particle preparation shows that assembly
proceeds to completion once initiated, as only monomer and
icosahedral can be detected in solution. These species exist in
reversible equilibrium at pH 5. Additional experiments high-
light the general importance of nucleation in initiating RSV
capsid assembly in vitro.

EXPERIMENTAL PROCEDURES

Expression and Purification of CA—Full-length RSV CA
(Prague C strain, Genbank™ Accession Number V01197) was
produced by heterologous expression in Escherichia coli and
purified to homogeneity as previously described (18). Following
purification the protein was dialyzed into a standard storage
buffer (10 mm MOPS/KOH (pH 7.0), 50 mm NaCl, 0.5 mMm
sodium azide, 0.25 mm TCEP-HCI) and stored at 4 °C. Protein
concentrations were estimated using UV absorption measure-
ments at 280 nm (36).

In Vitro Assembly of CA—In vitro assembly of RSV CA was
initiated by transferring the protein into a high-salt, mildly
acidic buffer. Sitting drop vapor diffusion, dialysis, and jump
dilution were used for CA assembly. Among these methods,
jump-dilution was used exclusively for the production of icosa-
hedra, as this method was most efficient and reproducible. Typ-
ically, the assembly buffer (0.2 M citric acid/KOH (pH 4.9), 1.4 M
NaCl) was added to an equal volume of CA solution (400 — 600
uM in standard storage buffer), followed by 2—3 h incubation at
18 °C (a 1:1 mixture of storage and assembly buffer has a pH of
5.0). Icosahedral particles could be efficiently separated from
sheets and CLPs using differential centrifugation. Spinning the
assembled material at 25,000 X g (15 min, 18 °C) in a benchtop
centrifuge pelleted the larger assembly products. The superna-
tant, which we term the icosahedral particle preparation, was
used for cryo-EM or biophysical analysis.

For the CA nucleation experiment, the icosahedral particle
preparation (in a 1:1 mixture of assembly and storage buffer)
was first dialyzed into the storage buffer, and then mixed with
unassembled CA, also in storage buffer. 2 ul of the icosahedral
particle preparation (total [CA] = 34 um) was mixed with 18 ul
of the unassembled monomer (total [CA] = 547 um). Control
experiments were performed by using pure storage buffer in
place of the icosahedral particle preparation. Following mixing,
the solutions were incubated at 18 °C for 48 h before examina-
tion using transmission electron microscopy (TEM).
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Electron Microscopy—For routine TEM analysis, 5 ul of sam-
ple was applied onto a 300 mesh EM-grid covered with plastic-
supported carbon film that was rendered hydrophilic by glow
discharge in air and then negatively stained using 1.5% uranyl
acetate. For cryo-EM of the T = 1 icosahedra, 5 ul of the icosa-
hedral particle preparation was applied to a holey EM grid
(Quantifoil R2/2) that had been rendered hydrophilic by glow
discharging in the presence of n-amylamine. Vitrified speci-
mens were prepared by using Vitrobot Mark IV (FEI) at 4 °C
and 90 —100% relative humidity. Focal pairs with defocus values
of ~3.0 um and 0.8 um were imaged under minimal electron
dose using a Philips Tecnai 12 electron microscope equipped
with a Lab6 gun and operated at 120 kV. The images were
recorded on SO-163 (Kodak) films at a nominal magnification
0f 42,000, and developed in D19 (Kodak) diluted 1:1 with deion-
ized water for 10 min.

Image Processing—Electron micrographs displaying minimal
drift and astigmatism were digitized using Nikon LS-9000 film
scanner at a step size 10.5 wm, which corresponded to 2.5 A on
the specimen. Unless otherwise specified, image processing was
carried out using the Bsoft package (37, 38). Images of icosahe-
dral particles were manually selected from high-defocused
micrographs in Bshow, and then the location of the corre-
sponding particles in the close-to-focus images were searched
and extracted using Bmgalign and Bpick, respectively. The
Contrast Transfer Function (CTF) was estimated for individual
micrographs using Bshow, and then the particle images were
phase-flipped using Bctf. Origin and orientation of particles in
the low-defocused images were iteratively searched and the
three-dimensional reconstruction was generated using PFT2
and EM3DR2 (39-41). The resolution of the three-dimen-
sional map was estimated using the 0.5 Fourier shell coefficient
cutoff criterion (42).

Atomic structures of the NTD (PDB ID code: 1IEM9) and the
low pH CTD dimer (PDB ID code: 3G21) from RSV CA were
manually docked into the density ascribed to a CA monomer in
the three-dimensional reconstruction using UCSF Chimera
(43). Initially, the NTD structure was placed into one of the five
density volumes that protrude around the local 5-fold axis and
then the CTD dimer was docked into the density linking neigh-
boring pentameric rings at the local 2-fold axis. The docking
was refined using Sculptor (44), and the symmetrized, complete
pseudo-atomic model for the icosahedron was generated using
UROX (45). The cross-correlation between the cryo-EM den-
sity map and the fitted x-ray structures were calculated in
Sculptor. The image reconstruction and pseudo-atomic model
have been deposited in the EM Data Bank (entry code:
EMD-1710).

Size Exclusion Chromatography—Small zone size exclusion
chromatography was performed using an Akta purifier (GE
Healthcare). Icosahedral particle preparations (500 wl; total
[CA] 47 um) were injected onto a Superose 6 10/300 column
(GE Healthcare) equilibrated with 1:1 mixture of assembly
buffer and storage buffer. The column was calibrated using pro-
tein standards (Sigma) in 20 mm HEPES/NaOH (pH 7.5), 150
mM NaCl. Injections of tobacco Mosaic virus and L-tyrosine
were used to estimate the void volume (V,) and included vol-
ume (V,) of the column. All chromatography runs were carried
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outat 5.5 °C, with a flow rate of 0.25 ml/min. Elution of proteins
was monitored by following UV absorbance at 280 nm.

Distribution coefficients (o) for all proteins were calculated
from elution volumes (V,) as o = (V, — V,)/V; (46). The Hydro-
dynamic radii of the protein standards were calculated from the
published translational diffusion coefficients using the Stokes-
Einstein relationship (supplemental Table S1) and a linear cal-
ibration plot was constructed (cube root of the distribution
coefficient versus hydrodynamic radius) (47, 48). This plot was
used to estimate the sizes of the species present in the icosahe-
dral particle preparation.

Dynamic Light Scattering—All dynamic light scattering
measurements were made at a wavelength of 831.1 nm using a
Dynapro Titan (Wyatt Technology). Before data collection,
solutions were filtered (0.2 wm) and spun at high speed
(25,000 X g) in a bench top centrifuge to remove dust and other
particulate matter. Intensity Autocorrelation Functions (ACFs)
were measured for both unassembled CA (in storage buffer)
and icosahedral particle preparations (in a 1:1 mixture of stor-
age buffer and assembly buffer). ACFs were also recorded for
the buffer solutions alone, to detect any correlated light scatter-
ing by the buffer components. All samples were maintained at
18 °C during the data collection.

For unassembled CA, measurements were made using pro-
tein solutions of varying concentration (40 — 670 um). The nor-
malized ACFs, G(7), were fitted using Equation 1 appropriate
for scattering of non-interacting protein molecules of fixed size
(49, 50),

G(t) =1 + A’ exp(—2q°D7) (Eq. 1)

using non-linear least squares methods. This yielded estimates
for the translational diffusion coefficient (D). Here 7is the decay
time, A is a constant dependent on the experimental condi-
tions, and q = (47n)/A)sin(6/2) is the length of the scattering
vector, which is a function of the solvent refractive index n, the
wavelength of the incident light A, and the scattering angle 6. At
each protein concentration, several hundred ACFs were accu-
mulated and analyzed. Linear extrapolation of the mean, appar-
ent D to infinite protein dilution (51) was then used to estimate
the true translational diffusion coefficient (D°) of unassembled
CA. The hydrodynamic radius (Ry;) of unassembled CA was
then calculated from D° using the Stokes-Einstein relationship.

For the icosahedral particle preparations, measurements
were made on solutions with a total [CA] = 47 um. Normalized
ACFs were fitted with a generalization of Equation 2, appropri-
ate when there are several non-interacting species of fixed size
present in solution (49, 50).

(Eq.2)

G(r)=1+ ( ZA,exp(—quﬂ-)>

i=1

Associated with each scattering species i, are two model param-
eters A; and D;. To account for weak correlated light scattering
from the buffer, a 3 species model was fitted (2 CA species plus
buffer), fixing the diffusion coefficient (D) for the buffer contri-
bution, and allowing only the corresponding amplitude (A) to
vary. It is the very disparate sizes of the scattering species, which
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FIGURE 2. A pseudo-atomic model of the RSV CA T = 1 icosahedron generated at low pH, based on
three-dimensional reconstruction from cryo-EM images. A, pseudo-atomic model of the RSV CA icosahe-
dron produced by docking high-resolution structures of the constituent domains into the three-dimensional
map calculated at ~18 A resolution. The domains are shown in a ribbon representation. B, detail of two CA
pentamers, related by the 2-fold symmetry of the icosahedron. C, detail of a monomer. The three-dimensional
density map enclosing the model is depicted as an isosurface in Aand isomesh in Band C. The NTD and CTD are
colored cyan and magenta, respectively. Monomers involved in linking two CA pentamers together via CTD

dimerization are shown in blue and red in B. Scale bar is 10 nm.

enable straightforward application of Equation 2. The appro-
priate value for the buffer diffusion coefficient was determined
from measurements made on the buffer alone. Several thou-
sand individual ACFs were analyzed to derive the mean
reported model parameters. This analysis ignores any chemical
exchange between the scattering species (i.e. monomer and ico-
sahedra), and also assumes that the species diffuse indepen-
dently (i.e. that their diffusion is uncoupled, and all cross-diffu-
sion coefficients are negligible (see Annunziata et al. (52) for
discussion).

Quantitative interpretation of the DLS data required that the
refractive index, kinematic viscosity, and density of all buffers
be determined at 18 °C (supplemental Table S2). Buffer refrac-
tive index at 831.1 nm was measured using a critical angle dig-
ital refractometer (Schmidt and Haensch DSR-A). Kinematic
viscosity was measured using a Cannon-Ubbelohde viscometer
(Cannon Instrument Corporation). Buffer density was mea-
sured using a Gay-Lussac specific gravity bottle (Wilmad-Lab-
glass) and a standard mass balance (Sartorius CPA225D), mak-
ing the required corrections for air buoyancy (53).

The expected hydrodynamic radius of monomeric CA was
calculated based on the atomic model using the precise bound-
ary element method of Aragon and Hahn (54) as implemented
in the program BEST. It should be noted that the calculation
neglects the contribution of the last 10 amino acid residues of
CA, which are disordered and not included in the structural
model.

RESULTS

RSV CA Forms T = 1 Icosahedra upon Acidification—We
have previously shown that mild acidification causes RSV
CA to assemble into complexes that model the authentic
viral core (18). Together with CLPs, planar sheets, and small
spherical particles result from the in vitro assembly process
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(supplemental Fig. S1). Class aver-
ages generated from the cryo-EM
images of the spherical particles
exhibit distinct 2-, 3-, and 5-fold
rotational symmetry, consistent
with these objects possessing ico-
sahedral symmetry (supplemental
Fig. S2).

A three-dimensional map of the
icosahedron was reconstructed at
18.3 A resolution by single particle
image analysis. A total of 1,610 ico-
sahedral particles were picked from
the cryo-EM images out of which
1,310 particles contributed to the
final reconstruction. It was clear
from the reconstruction that the
icosahedron has a “T = 1” architec-
ture (55) i.e. is composed of 12 iden-
tical pentameric CA rings. The
maximum diameter of the icosahe-
dron is ~23 nm, with an outer layer
composed of protruding lobes of
density; five at each vertex, and a
continuous layer of inner density surrounding a ~10 nm diam-
eter cavity. The three-dimensional map was thresholded such
that the density volume was 120% of the expected molecular
mass of 60 CA monomers (25.5 kDa), a typical contour level
used in moderate resolution cryo-EM analysis (55).

Although the resolution of the three-dimensional map was
insufficient to visualize the boundaries between the CA mono-
mers, a plausible pseudo-atomic model was derived through
the docking of atomic models for the NTD and CTD of RSV CA
(Fig. 2A). Initially, manual docking of the domains was guided
by previously published pseudo-atomic models of the HIV-1
CA hexamer (PDB ID code: 3DIK) (27) and the RSV CA penta-
mer (19). The hand of the three-dimensional reconstruction
was ascertained during the docking exercise. The atomic struc-
ture of the NTD (PDB ID code: 1IEM9) fitted into the protrud-
ing densities in the outer layer of the three-dimensional recon-
struction showed a good agreement. We examined the fitting of
the x-ray crystal structures of CTD dimers determined at alka-
line pH (PDB ID codes: 3G1G and 3G1I) and at acidic pH (PDB
ID code: 3G21) in the three-dimensional map. Consistent with
the conditions used for assembly, only the low-pH dimer
showed a good fit into the density that links two pentamers (Fig.
2B). After refinement using Sculptor, the cross-correlation
coefficient between the docked model and the density map was
91.1% at 18 A resolution. In the final pseudo-atomic model, the
N terminus of each CTD is separated from the C terminus of a
neighboring NTD by a distance of ~14 A. Assuming some small
structural rearrangement, this distance could be readily
spanned by the stretch of 3 amino acids (Glu-Pro-Ala) defining
the flexible interdomain linker (Fig. 2C).

Description of the Icosahedral Particle Structure—The three
interdomain interfaces i.e. NTD-NTD, NTD-CTD, and CTD-
CTD that have been identified in other retroviral CA assemblies
are all involved in the formation of the icosahedron. We
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FIGURE 3. Interdomain contacts within the RSV CA T = 1 icosahedron. A, NTD-NTD interface; B, NTD-CTD
interface; and C, CTD-CTD dimerization interface. The density map is depicted as an isomesh. The NTD and CTD
are colored in cyan and magenta, respectively. Helices involved in the interdomain contacts are colored in light
blue and orange for the NTD and CTD, respectively. These are labeled with a capital letter H and the helix
number. Two pairs of interacting aspartic acid residues that stabilize the CTD-CTD dimer are shown in ball-and-

stick representation in C.

A 800
~ 700 -
2 600 -
500 -
400 1.
300 4o

200 |-
0 2 4 6 8 10 12 14 16 18 20 22 24

Elution Volume (ml)

Absorbance (x1 =

(v3)

100
90 -
80
70 -
60 -
50 -
40 |
30 -
20 -
10 -
0

o

Hydrodynamic Radius (A)

06 065 0.7 075 08 085 09 095 1
0-1/3

FIGURE 4. Size exclusion chromatography of the icosahedral particle
preparation. A, peaks corresponding to the icosahedra and to the unas-
sembled monomer are indicated by arrow and arrowhead, respectively.
B, plot of cube root of distribution coefficient (¢'*) as a function of hydrody-
namic radius for the protein size standards. The distribution coefficients for
the icosahedron (o = 0.319) and CA monomer (o = 0.700) are indicated by
arrow and arrowhead. The resultant estimates for the hydrodynamic radius
are 8.90 nm (icosahedron) and 2.62 nm (CA monomer).

inspected, in particular, the dispositions of the a-helices at the
interdomain interfaces. For clarity, the a-helices within a mono-
mer are numbered sequentially, beginning at the N terminus.
NTD-NTD Interface—The pentameric CA turrets are
formed through NTD-NTD interactions. Helices 1, 2, and 3
form aloosely packed 15 helix bundle disposed around the local
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5-fold axis (Fig. 34). As can be seen,
in this bundle, helices 1 and 2 are
proximal while helix 3 is distal from
the 5-fold axis suggesting that helix
3 may play a less direct role in form-
ing the pentameric CA assembly. In
contrast, helix 3 is critical for the
water-mediated NTD-NTD inter-
actions found in the HIV-1 and
murine leukemia virus CA hexam-
ers (28, 29).

NTD-CTD Interface—NTD-CTD
interdomain contacts help stabilize
the RSV CA pentamer. The N ter-
minus of helix 4, from the NTD, is
proximal to helices 8 and 11 from
the CTD. The arrangement of helices at the NTD-CTD inter-
face, with the points of contact involving helix termini, is simi-
lar to that seen in HIV-1 CA hexamer (29). However in the HIV-1
CA hexamer, helix 3 contacts helix 8 through an extended hydro-
gen-bonding network. However, in the RSV CA pentamer, helices
3 and 8 are too far apart to harbor such interactions (Fig. 3B).

CTD-CTD Interface—The low-pH CTD dimer x-ray struc-
ture used in building the pseudo-atomic model is stabilized
primarily through two hydrogen bonds that results from pro-
tonation of aspartate Asp-191 (18). These hydrogen bonds link
helix 9 of each monomer with the loop connecting helices 8 and
9 (Fig. 3C).

Biophysical Analysis of the Icosahedral Particle Preparation—
With a structural model of the icosahedral particles deter-
mined, we performed experiments to help understand how the
particles assemble from CA monomers. There is suggestive evi-
dence that the icosahedral particles can form in situ (15, 19),
and the CA pentamers have a clear role in helping form the
authentic core (24, 34). Hence we wanted to establish if the
icosahedra were in reversible equilibrium with unassembled
CA, and if any other species of intermediate size could be
detected in the particle preparations. For this purpose, we
employed two biophysical techniques: small-zone size exclu-
sion chromatography (SEC) and dynamic light scattering
(DLS).

Size Exclusion Chromatography— After separating the icosa-
hedra from the other assembly products using high-speed cen-
trifugation, the icosahedral particle preparation (total [CA] =
47 um) was loaded onto a Superose 6 SEC column capable of
resolving large protein complexes. The resulting chromato-
gram showed two well-resolved peaks (Fig. 44). TEM of frac-
tions taken from the 2 peaks, demonstrated the presence of
icosahedra in the fast-eluting peak but not in the slow-eluting
peak. Through comparison with standards of known size (Fig.
4B), the hydrodynamic radius (R,;) of the smaller species was
estimated to be 2.62 nm, consistent with the size of the CA
monomer, while R, for the larger species was estimated to be
8.90 nm, approximately the size expected for the icosahedral
particles (see “Discussion”). Hence only monomers and icosa-
hedra, and no intermediate species, could be detected in solu-
tion using SEC. The experiments also established that () the
kinetics of exchange between monomer and icosahedra must

SN

VOLUME 285+NUMBER 20-MAY 14, 2010



>

Intensity ACF

Residuals x 10

vy)

Diffusion coefficient (m2/s) x 10"

(@)

Intensity ACF

Residuals x 10

TT T T T T T T T T T T T T TTTTT

108 10 10 103 102

Time (s)

T T T T

T T T I [
100 200 300 400 500 600 700
Protein concentration (uM)

30— .....................
T : : . o
20_ ...... .. .....................
7 . o :
10—------ OOo ......... SR Opm O
4 . le) A
: 0~ 90~ Q
O]z o s i OOA.&X).AOQ&)%)OO . O 3R @)HO“O.O
! o0 & © ° @4
5,y YO0 [P P [ SN o N e Wt o7
: : (e}
1 o :
O L T T g T O 5
E o
30— R PR
R NPV B L PR L L W Ry nee e,
10 10 10 10 10
Time (s)

MAY 14, 2010+VOLUME 285+NUMBER 20

pCEEYE

Assembly and Structure of RSV CA Pentamers

be relatively slow, because they could be isolated using a size
exclusion column (56 —58) and () that the majority of CA in the
icosahedral particle preparations remains as a monomer.

Although kinetically slow, we demonstrated that the mono-
mer and icosahedra exist in reversible equilibrium. Thus, when
the CA monomers or icosahedra isolated by SEC were subject
to concentration and reinjection onto a SEC column, chro-
matograms containing both species were again obtained
(supplemental Fig. S3). This indicates that in the time required
to concentrate and re-inject the samples (~2 h), equilibrium
was partially or completely re-established.

Dynamic Light Scattering—To obtain more precise estimates
for the sizes of the species present in solution, and confirm the
results obtained using SEC, we characterized both unassembled
CA and the icosahedral particle preparation using DLS. The
ACEFs for the unassembled CA solutions could be fit with a
simple model, allowing for a single scattering species of fixed
size (Fig. 5A). Model fitting resulted in estimates for the trans-
lational diffusion coefficient of the protein. Linear extrapola-
tion of the results to infinite protein dilution (Fig. 5B), produced
an estimate of 7.05 X 10~ m?/s (18 °C, standard storage
buffer) for the true translation diffusion coefficient of unas-
sembled CA, which corresponds to a hydrodynamic radius of
2.74 nm. As a point of comparison we calculated the expected
Ry, for the CA monomer. The NTD and CTD of CA are known
to be flexibly tethered (59), so we took the domain configura-
tion found within the icosahedra as representative of a confor-
mation accessible in solution. After modeling the three missing
residues of the interdomain linker, the hydrodynamic proper-
ties of the monomer were calculated from the atomic model
using a precise boundary element method (54). The calculation
yielded R;; = 2.76 nm, in excellent agreement with the experi-
mentally determined value.

ACEFs resulting from the icosahedral particle preparations
were fit to an extension of the simple model, allowing for the
presence of multiple independent scattering species with fixed
sizes (Equation 2). Based on the results of the SEC analysis, a
2-species model seemed appropriate. However the assembly
buffer itself contributed weak correlated light scattering, hence
a 3-species model was fitted, with experimentally derived con-
straints placed on the buffer scattering contribution (see
“Experimental Procedures”). This resulted in an excellent fit to
the data, with random residuals (Fig. 5C). We estimated that for
the smaller protein species R;; = 2.82 nm, whereas for the larger

FIGURE 5. Dynamic light scattering studies of the CA monomer and the
icosahedral particle preparation. A, typical intensity auto-correlation func-
tion (ACF) accumulated from measurements fora CA monomer solution ([CA] =
670 um) and the fit to a one component scattering model (Equation 1). The
hollow circles are the experimentally determined ACF; the solid line represents
the fitted model. The residual differences between model and experimental
data are indicated in the bottom of the panel. B, plot of the mean, apparent,
translational diffusion coefficient of monomeric CA, in standard storage
buffer, as a function of protein concentration. Error bars correspond to = S.E.
The value at “zero” protein concentration reflects the true translational diffu-
sion coefficient of monomeric CA. C, typical intensity auto-correlation func-
tion accumulated from an icosahedral particle preparation (total [CA] = 47
uM) and its fit to a three component scattering model (Equation 2). The buffer
scattering contribution was constrained during fitting (see text). The hollow
circles are the experimentally determined ACF; the solid line represents the
fitted model. The residual differences between model and experimental data
are indicated in the bottom of the panel.
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FIGURE 6. Assembly of RSV CA nucleated by the icosahedral particle prep-
aration. An electron micrograph showing tubular assembly products that
were formed when a small amount of the icosahedral particle preparation
was added to a solution of monomeric CA in low molarity buffer at neutral pH.
The specimen was visualized by negative staining. Scale bar is 100 nm.

protein species R;; = 11.66 nm. These are, within the likely
error in the measurements, the expected values for the mono-
mer and icosahedra respectively. It was not possible to make
measurements over an extended concentration range and
extrapolate the results to zero protein concentration since the
icosahedral particles dominate the light scattering.

Role of Nucleation in Initiating in Vitro Assembly of RSV CA—
Our DLS analysis confirms that RSV CA exists as a monomer in
standard storage buffers at neutral pH, consistent with prior
observation (18, 22, 59). Capsid assembly can be initiated by
lowering the pH (18, 22) or introducing anions such as phos-
phate (19, 25, 26). In each case, perturbation of the solution
conditions is posited to result in formation of a nucleating spe-
cies, which can be extended into capsid-like structures through
addition of monomeric CA.

The proton-driven assembly process leads to the production
of fully assembled icosahedra in appreciable quantity. The ico-
sahedral particles are metastable when transferred back into a
neutral pH, low salt buffer (18). We hypothesized that dissoci-
ation of the icosahedra might create transient, low-abundance
species that are capable of nucleating further capsid assembly
without addition of phosphate or protons (i.e. under condi-
tions, which are not normally permissive for capsid assembly).

Hence we tested whether introducing trace amounts of the
icosahedral particle preparation into a pool of unassembled CA
could seed further CA assembly. For this purpose, the icosahe-
dral particle preparation was dialyzed into a low molarity neu-
tral pH buffer and used to spike a concentrated solution of CA
monomer in the same buffer. After 48 h of incubation at 18 °C,
the sample was examined by TEM. With a small number of
icosahedra in the background, large tubular assembly products
and core-like particles were observed (Fig. 6). Control experi-
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ments in which the CA monomer solution was spiked with
buffer alone resulted in no assembly.

DISCUSSION

Upon acidification RSV CA assembles into various morpho-
logically diverse complexes, which model the authentic viral
core. Prominent among these complexes are spherical particles
with T = 1 icosahedral symmetry. We have generated a struc-
tural model for the acid-induced icosahedron, and have bio-
physically characterized the icosahedral particle preparation.
The basic building block of the icosahedron is a CA pentamer,
which is stabilized by both NTD-NTD and NTD-CTD interdo-
main contacts. The pentamers are linked together by CTD
homodimers (Figs. 2 and 3). Postassembly, once the larger com-
plexes such as sheets and core-like particles are removed, only
icosahedra and CA monomer remain. These species are present
in reversible equilibrium at pH 5, with no intermediates detect-
able (Figs. 4 and 5). Addition of small amounts of the icosahe-
dral particle preparation to a pool of CA monomers promotes
further assembly into capsid-like structures, under conditions
that are otherwise not permissive to any CA assembly (Fig. 6).
This highlights the importance of nucleation in controlling
assembly of RSV CA in vitro and possibly also in vivo.

The Initiation of RSV CA Assembly in Vitro—We have previ-
ously shown that CTD dimerization is promoted by acidifica-
tion (18), with the underlying mechanism involving proton
uptake by an aspartate on the surface of the domain. A causal
relationship between CTD dimerization and higher-order CA
assembly was confirmed by introducing a covalent bond across
the dimer interface, which created a super assembling capsid
mutant (18). These observations lead to the general model of in
vitro capsid assembly, and in particular the formation of icosa-
hedra, that is presented in Fig. 1. The good correspondence
between the low pH CTD dimer structure, determined using
x-ray crystallography (18), and the three-dimensional recon-
struction of the acid-induced T = 1 icosahedron (Fig. 2) is fully
supportive of such a model. The CTD dimer bridges adjacent
pentamers in the icosahedron (Fig. 2B), helping explain why
dimerization is so effective in promoting capsid assembly.

Protonation of the CTD is not, however, obligate for forma-
tion and maintenance of the T = 1 icosahedral particles. Mul-
tivalent anions, such as phosphate also promote assembly of
RSV CA in vitro (25, 26), resulting in the formation of icosahe-
dra at neutral pH (19). Once assembled, the acid-induced par-
ticles can be transferred into a neutral pH buffer, where they are
metastable. The pseudo-atomic model for the acid-induced
particles, determined in this study, appears essentially identical
to the model for the phosphate-induced particles reported ear-
lier by Cardone et al. (19). The same low pH CTD dimer is
present in both models. It remains possible that protonation
and deprotonation of the critical aspartate within the CTD is
associated with some subtle change in dimer organization. This
cannot be determined from current three-dimensional image
reconstructions of the icosahedral particles, both because of
limited resolution, and because of the averaging involved in the
image reconstruction process.

In the case of the phosphate-assembled icosahedra, it has
been proposed that the addition of anions facilitates CA assem-
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bly by reducing electrostatic repulsion between clusters of pos-
itively charged residues at the NTD-NTD and NTD-CTD inter-
faces, that are involved in the formation of both hexamers and
pentamers (19). Our study suggests that these repulsive electro-
static forces are delicately balanced with weak attractive forces.
If the balance is perturbed, either by diminishing the repulsive
forces (as in the addition of phosphate), or by strengthening the
attractive forces (as in acidification, see Fig. 1), then capsid
assembly results in vitro. For some small spherical viruses,
empty capsids can be assembled from coat proteins in the
absence of any nucleic acid, a process fundamentally similar to
that studied here. Assembly is often strongly influenced by pH
and ionic strength (60-63), though in some cases this may
simply reflect the presence of basic nucleic acid binding
domains within these proteins.

Although it is apparent that phosphate-induced assembly of
RSV CA at neutral pH also involves a nucleation step, the
nature of the nucleating species has not yet been fully defined.
There is some suggestive evidence that it may be a dimer (25)
whose structure, given the elevated pH, is likely to be different
from the CTD-mediated dimer that initiates assembly at low
pH. Regardless, our study makes it clear that in vitro assembly
of RSV CA can be triggered by different molecular forces and
proceed by differing pathways, while still arriving at the same
basic structural outcome.

We have also highlighted the importance of nucleation in
this system with a simple experiment as follows. In a neutral pH,
low-salt storage buffer, RSV CA is monomeric and does not
assemble. However, under these same conditions, when trace
amounts of an icosahedral particle preparation were intro-
duced into the CA monomer solution, large, tubular structures
and core-like particles resulted (Fig. 6). Our interpretation of
this result is that transient dissociation of the icosahedral par-
ticles creates species capable of nucleating further capsid
assembly without the addition of either phosphate or protons,
the otherwise obligate triggers for efficient RSV CA association
in vitro.

Biophysical Analysis of the Assembly Products and Its Impli-
cations for Capsid Formation—Biophysical analysis of the
assembly products present at equilibrium has provided further
insight into the assembly process. Overall, the results from SEC
and DLS are self-consistent. They confirm that RSV CA exists
as a monomer in solution prior to assembly. Post assembly,
following removal of the larger assembly products, only mono-
mer and fully assembled icosahedra are present at appreciable
concentration. These species are in reversible equilibrium at
pH 5, although it should be noted that exchange is slow, and
appears to involve a nucleation step in the forward direction.
The observation that intact icosahedra and free monomer are
the dominant species present at equilibrium is consistent with a
simple equilibrium model of capsid assembly (64), which pre-
dicts that assembly intermediates will be found in only trace
concentrations. Overall the reversibility of assembly demon-
strates that the CA-CA interactions which direct capsid forma-
tion must be weak, involving very small association energies
when considered individually.

Based on the DLS data (Fig. 4C) we estimate the hydrody-
namic radius of the icosahedral particles to be 11.66 nm, in
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good agreement with the measured 11.5 nm outer radius of the
particles determined by 3D image reconstruction (Fig. 2). In
contrast, SEC provides a significantly smaller estimate of the
particle size (R;; = 8.90 nm). We suggest two reasons for this
discrepancy. Firstly, icosahedral particle formation is reversi-
ble. While the rates of inter-conversion between monomer and
icosahedron are clearly slow, they will not be negligible relative
to the time taken for passage of the sample through the column
(~37 min for the monomer). The theory of migration for such
slowly interconverting systems is complicated (56 —58); how-
ever transient dissociation of icosahedral particles will clearly
result in longer average retention times, and hence a lowered
estimate for R;;. Secondly, the T = 1 CA icosahedron is a hollow
object with an inner cavity radius of ~10 nm and is easily com-
pressed and flattened when preserved under heavy metal stain
on continuous carbon film (data not shown). Thus, it is quite
possible that intact icosahedral particles can undergo mechan-
ical compression and/or distortion during transport down the
SEC column, which would also lead to a lowered estimate for
the hydrodynamic radius. DLS measurements, are made on
solutions at equilibrium, and are likely to yield more reliable
size estimates than SEC, where mass transport effects as well as
the mechanical forces acting on the capsid, cannot be ignored.

CONCLUSION

This study demonstrates that in vitro assembly of RSV CA
under mildly acidic conditions results in the formation of T = 1
icosahedral particles containing CA pentamers. These particles
provide an excellent model for studying the pentamers, which
are critical for closure of the authentic viral core. At the resolu-
tion achieved in this study, the structure of the low-pH icosa-
hedral particles appears essentially identical to that of the par-
ticles assembled at neutral pH in the presence of phosphate
(19). Hence, although the intermediates involved in the proton-
driven and phosphate-driven assembly pathways may differ
(18, 25), these pathways can converge to a common structural
outcome. Our biophysical experiments highlight the impor-
tance of nucleation in influencing RSV capsid assembly, and
demonstrate the reversibility of the underlying molecular inter-
actions. Such reversibility is important, as controlled disassem-
bly of the capsid shell, which surrounds the viral core is a critical
early step in the viral replication cycle. Proton binding may play
a role in regulating capsid assembly or stability in vivo, and
acidification can be used as an in vitro tool, producing struc-
tures which model the authentic viral capsid, and therefore
facilitating the study of retroviral capsid assembly.
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