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ABSTRACT: The mechanisms that underlie the spontaneous and
faithful assembly of virus particles are guiding the design of self-
assembling protein-based nanostructures for biomedical or nano-
technological uses. In this study, the human immunodeficiency
virus (HIV-1) capsid was used as a model to investigate what
molecular feature(s) may determine whether a protein nanoparticle
with the intended architecture, instead of an aberrant particle, will
be self-assembled in vitro. Attempts of using the HIV-1 capsid
protein CA for achieving in vitro the self-assembly of cone-shaped
nanoparticles that contain CA hexamers and pentamers, similar to
authentic viral capsids, had typically yielded hexamer-only tubular
particles. We hypothesized that a reduction in the stability of a
transient major assembly intermediate, a trimer of CA dimers
(ToD), will increase the propensity of CA to assemble in vitro into cone-shaped particles instead of tubes. Certain amino acid
substitutions at CA-CA interfaces strongly favored in vitro the assembly of cone-shaped nanoparticles that resembled authentic
HIV-1 capsids. All-atom MD simulations indicated that ToDs formed by CA mutants with increased propensity for assembly
into cone-shaped particles are destabilized relative to ToDs formed by wt CA or by another mutant that assembles into tubes.
The results also indicated that ToD destabilization is mediated by conformational distortion of different CA−CA interfaces,
which removes some interprotein interactions within the ToD. A model is proposed to rationalize the linkage between reduced
ToD stability and increased propensity for the formation of CA pentamers during particle growth in vitro, favoring the
assembly of cone-shaped HIV-1 capsid-like nanoparticles.
KEYWORDS: nanoparticle, virus capsid, self-assembly, assembly pathways, architecture, mutational analysis, molecular dynamics

INTRODUCTION
Protein-based nanostructures are being designed and engi-
neered for many developing applications in biomedicine or
nanotechnology. Those nanostructures are ideally built using a
bottom-up approach, in which free protein molecules are made
to spontaneously assemble into a nanoparticle with a certain
size and architecture.1−6 Inspiration and knowledge to design
self-assembling protein-based nanostructures is coming in large
part from the study of the spontaneous assembly of the capsids
of many viruses.7−13

Biological evolution has endowed viral capsid proteins with
the information required for their self-association into natural
nanoparticles with defined sizes and architectures as well as
outstanding properties and complex functions. Virus capsid

self-assembly from protein building blocks generally involves
an efficient chain of molecular recognition events that proceed
along a favorable energy gradient.11,12 However, the path for
the formation of a virus capsid with the biologically correct
structure is fraught with danger: competing association
reactions may easily result in aggregated, misassembled, or
incomplete virus particles that are noninfectious. Minor
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structural changes in the viral capsid proteins or small
variations in physical or chemical conditions are frequently
enough to favor off-pathway assembly intermediates and dead-
ends.11,14,15 In the face of strong selection pressures, many
viruses have evolved auxiliary machinery and subverted cellular
resources for achieving a carefully regulated, faithful capsid
assembly process under the demanding conditions found in
their host cells.15−17

Self-assembly of a number of virus capsids or virus-like
particles (VLPs) has been achieved in vitro using capsid
protein subunits in the absence of any other biomole-
cule.10−13,18−25 In some cases, particles that were indistin-
guishable from authentic virus capsids were obtained, but the
physical and chemical conditions required were very different
from those found in vivo. In other cases, the size and
architecture of the assembled particles were different from
those of the authentic virus capsids. In vitro viral capsid
assembly systems are most suitable to investigate which
structural features of the building blocks and physical or
chemical conditions may determine the self-assembly of a
protein-based nanoparticle with the desired architecture
instead of an aberrant protein complex. These studies are,
thus, most important for achieving and improving the
production of virus-based nanoparticles and nanomaterials
for biomedical or industrial uses.26,27 They can also provide
critical guidelines for achieving the efficient and faithful
assembly of protein-based nanostructures with the desired
architecture.

The capsid of the mature human immunodeficiency virus
type 1 (HIV-1)28 provides an excellent in vitro model system
to explore the structural features and conditions that determine
the correct assembly of a protein-based nanoparticle of
complex architecture. The mature HIV-1 capsid is made of
many copies of a single viral protein, capsid protein CA (Figure
1A). CA is composed of a N-terminal domain (NTD) linked
by a flexible peptide region to a C-terminal domain (CTD).
The capsid formed in the maturing HIV-1 virion is

fundamentally made of a hexagonal lattice of CA protein
subunits (Figure 1B). The subunits within each CA hexamer in
the lattice are noncovalently bound through NTD−NTD and
NTD−CTD interfaces, whereas each hexamer is noncovalently
associated with the 6 neighbor hexamers through CTD−CTD
interfaces (Figure 1B).28 The particular lattice curvature
required to form the closed, truncated cone-shaped mature
HIV-1 capsid within the maturing virion is achieved by the
formation of 12 CA pentamer “defects” at certain positions in
the hexamer-based protein lattice (Figure 1C).28

In contrast to the situation in the maturing HIV-1 virion,
free CA from HIV-1 in vitro, in the absence of any other
biomolecules, is unable to self-assemble at close to
physiological ionic strength. In vitro, self-assembly of CA
(without any additional sequence from the Gag precursor) is
typically achieved using a very high ionic strength,21,29 which
screens ionic repulsions between the CA building blocks.30,31

Alternatively, CA self-assembly in vitro can be promoted at
close to physiological ionic strength by a macromolecular
crowding agent that increases the CA activity (effective
concentration) through an excluded volume effect.32 In the
maturing virion, capsid assembly can occur at a physiologic
ionic strength in the confined and crowded space inside the
matrix protein (MA) shell under the viral envelope. In
addition, CA−CA repulsions may be screened in the virion
by counter charges on the nucleocapsid (NC) protein-viral
RNA complex.33

The different conditions needed for the self-assembly of CA
alone in vitro relative to those found in the maturing virion lead
to different particle architectures. Instead of cone-shaped
capsids, at a high ionic strength or in the presence of a
crowding agent in vitro, long, hollow cylinders (tubes) with
open ends are generally formed.21,29−32 Flat or partially rolled
sheets were also observed in some cases.34 Both sheets and
tubes (i.e., sheets rolled into a cylinder) are morphologies
made of a regular lattice of CA hexamers, without a need for
including pentamer defects (Figure S1, top images). In
addition to many tubular particles, free CA from HIV-1
occasionally formed in vitro a few truncated cone-shaped
particles that resembled authentic capsids, for example when a
macromolecular crowding agent was used32 (Figure S1,
bottom left image). Together, the results showed that the
propensity of HIV-1 CA to form pentamer-containing, cone-
shaped capsids is very much reduced when it is assembled in
an unconfined, high ionic strength in vitro environment instead
than under the conditions found inside the virion.

Different amino acid substitutions or disulfide cross-links
have been introduced in CA oligomers of HIV-1 to study
certain structural features or functions of the mature HIV-1
capsid. Some of those structural modifications significantly
increased, during in vitro assembly of free CA, the proportion
of cone-shaped particles or other morphologies that require the
presence of pentamers (Figure S1, bottom images), instead of
exclusively forming hexamer-only tubes.35,36 Those structural
modifications in CA thus appeared to promote the formation
of pentameric defects in the CA protein lattice under the tested
in vitro conditions.

In solution, HIV-1 CA monomers and dimers are in
equilibrium, with the dimer being the dominant initial capsid
building block at protein concentrations >100 μM. Both
theoretical considerations and experimental evidence support
the proposal that a trimer of CA dimers (ToD) is a major
transient intermediate for assembly of the mature HIV-1 capsid

Figure 1. Structure of the mature HIV-1 capsid. (A) ribbon model
of the structure of a CA monomer with the NTD and CTD,
respectively, colored orange and blue (PDB ID: 4xfx). The
residues at CA−CA interfaces in the capsid protein lattice that
were chosen for mutational analysis are indicated as space-filling
models and color-coded: red, residues at NTD−NTD interfaces;
green, residues at NTD−CTD interfaces; purple, residues at
CTD−CTD interfaces. (B) three hexamers in the CA lattice. The
CA amino acid residues chosen for mutational analysis are
represented and colored as in panel (A). NTD−NTD, NTD−
CTD, and CTD−CTD interfaces correspond to the interdomain
regions that, respectively, include the red, green, or purple
residues represented and chosen for mutational analysis in this
study. (C) mature HIV-1 capsid architecture (PDB ID 3j3y). CA
hexamers and pentamers are, respectively, colored green and
yellow.
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(Figure 2A).37−39 Tsiang et al.38 proposed a theoretical model
that involves the critical existence of a ToD intermediate,

which was supported by experimental evidence provided by
fitting of capsid assembly kinetic curves. Summers et al.39

introduced mutations in CA that led to the experimental
identification of a ToD intermediate of HIV-1 capsid assembly.
However, growth by association of just ToDs would result in a
regular hexagonal lattice with no pentagonal defects, as in the
tubes and sheets formed by CA in vitro. How and under which
conditions CA pentamers can be formed during assembly of
the hexagonal lattice to yield authentic, cone-shaped HIV-1
capsids was unclear.

Here we formulate and test the hypothesis that, under
conditions required for assembly of HIV-1 CA in vitro,
structural modifications introduced in the CA protein that
destabilize the ToD intermediate may promote the formation
of pentameric defects during growth of the hexameric CA

lattice. We consider that a pentamer could be formed in the
growing lattice by association between a transient dimer of
dimers (DoD) and two ToDs, as indicated in Figure 2B. A
reduction in ToD stability will favor dissociation of a CA dimer
from a preformed ToD and/or impair the association of a CA
dimer with a transient DoD to yield a ToD. The increased
population of transient DoDs will increase the probability of
formation of a pentamer in the growing CA lattice (Figure 2B).
This working hypothesis predicts that those amino acid
substitutions in CA that reduce ToD stability will increase
the propensity of CA to assemble into cone-shaped nano-
particles instead of nanotubes. In this study, we have subjected
this hypothesis to verification by using a series of CA mutants
for both experimental analyses and all-atom molecular
dynamics (MD) simulations.

RESULTS AND DISCUSSION
Selection of Amino Acid Residues at Protein−Protein

Interfaces in the HIV-1 CA Lattice for Mutation to
Alanine. We determined first the differences in assembly,
disassembly, and morphology of HIV-1 CA VLPs when
specific noncovalent interactions between subunits in the
capsid protein lattice were removed. Removal of specific
interactions was achieved by individual mutation to alanine of
7 chosen amino acid residues located at protein−protein
interfaces in the CA lattice. Those 7 residues were located
either at interfaces within each CA hexamer (2 residues at each
NTD−NTD interface, and 2 other residues at each NTD−
CTD interface), or at CTD−CTD interfaces between
hexamers (3 residues) (Figure 1). Those residues were chosen
for mutation because: (i) truncation of their side chain by
mutation to alanine would remove multiple intersubunit
interactions in the CA lattice, including hydrogen bonds,
ionic bonds, and/or multiple van der Waals contacts (including
in some cases carbon−carbon “hydrophobic” contacts) (Table
S1). (ii) They are highly conserved among HIV-1 variants
(Table S1), which suggests they have a biological role. (iii)
they were shown to have a role in maintaining the stability of
the HIV-1 core (the mature capsid containing the
nucleoprotein complex)40,41 and/or the oligomerization
affinity between CA subunits.42

Figure 2. Pentagonal defects in the mature HIV-1 hexagonal capsid
lattice. CA dimers are represented as dumbbells, with circles and
sticks, respectively, representing the NTD and CTD domains of
the two bound CA monomers in a dimer.38 (A) a CA pentamer
(oulined in green) surrounded by CA hexamers in the capsid
lattice. ToDs are represented in different colors. A CA dimer
(colored red) is shared by two neighboring ToDs (cyan), giving
rise to the formation of a pentamer defect in the hexagonal lattice.
(B) Two possible pathways for the formation of a CA pentamer
during assembly of the mature HIV-1 capsid: (i) a transient dimer
of dimers (DoD) may associate with two ToDs before a third
dimer could bind the DoD to complete a ToD; (ii) a dimer could
dissociate from a preformed ToD, leaving a transient DoD that
may associate with two ToDs before another dimer could bind the
DoD. In both cases, a CA pentamer would be formed in the
growing protein lattice.

Figure 3. Comparative self-assembly kinetics of wt and alanine mutant CAs. (A) Effects on the kinetics of CA self-assembly by the individual
mutation of different interfacial amino acid residues to alanine. CA polymerization was followed by monitoring of the optical density (OD)
at 350 nm. The curve corresponding to each variant protein in a representative experiment is color coded (dark gray, wt CA; brown, Q192A;
green, Q63A; cyan, E180A; orange, S178A; blue, E45A; red, P38A; purple, V165A). (B) Bar plot of the ratio between the nucleation rate
constant kn for each mutant CA and the kn for wt CA, averaged from data obtained in duplicate experiments (knwt = 0.013 ± 0.002 min−1).
For mutant V165A a minimum value is given (indicated by an asterisk), as the nucleation rate was faster than the experimental dead time.
(C) Bar plot of the ratio between the growth rate constant kg for each mutant CA and the kg for wt CA, averaged from data obtained in
duplicate experiments (kgwt = 0.059 ± 0.003 OD·min−1). Error bars in (B) and (C) correspond to standard deviations.
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The chosen mutations were introduced into CA by site-
directed mutagenesis. The nonmutated (wt) and mutant CA
proteins were expressed and purified as described in Methods,
and they were analyzed as described next.
Changes in VLP Assembly Kinetics by Truncating

Specific Side Chains at Interfaces in the CA Lattice.
Assembly of wt and each mutant VLP at pH 7.4 was done at
the same protein concentration, under the same experimental
conditions. The reaction was triggered by increasing the salt
concentration (to 2.25 M NaCl), and the amount of assembled
CA as a function of time was followed by turbidimetry, as
described previously29,32 (see Methods) (Figure 3). The result
of a representative experiment is shown in Figure 3A. The
reaction kinetic parameters for the wt CA and each tested
mutant CA were obtained by fitting the experimental data to a
sigmoidal nucleation and growth process.43 For each tested
VLP, the values for the nucleation rate constant, kn, and the
growth rate constant, kg, were obtained in duplicate experi-
ments, normalized relative to the corresponding wt values and
averaged. Average relative kn and kg values and associated
errors are respectively shown in Figure 3B,C. It was not
possible to precisely determine the nucleation rate constant for
the V165A mutant, because the nucleation reaction was faster
than the experimental dead time (∼6 s). However, the data did
reveal that for V165A kn was at least 2 orders of magnitude
higher than the wt.

The results (Figure 3) showed that 3 out of the 7 mutant
CAs nucleated and grew much faster than wt CA (growth rate
constant kg 11.5× (E45A), 18.5× (P38A), or 28× (V165A)
that of the wt). Two other mutants nucleated at a slower rate,
but still grew faster than the wt (kg 2.7× (Q192A) or 5.6×
(S178A) that of the wt). Only two mutants both nucleated and
grew at (somewhat) slower rates than the wt (kg 0.6× (Q63A)
or 0.8× (E180A) that of the wt).
Changes in VLP Disassembly Kinetics by Truncating

Specific Side Chains at Interfaces in the CA Lattice.
Disassembly of the previously assembled wt and mutant VLPs
at pH = 7.4 was done at the same protein concentration and
under the same experimental conditions. The reaction was
triggered by a 10-fold reduction in the total protein
concentration by dilution with the same buffer, and the
amount of assembled VLPs remaining as a function of time was
followed by turbidimetry, as described previously31 (see
Methods) (Figure 4). The result of a representative experiment
is shown in Figure 4A. The reaction kinetic parameters for the
wt CA and each tested mutant CA were obtained by fitting the
experimental data to an exponential decay process. For each
tested VLP, the value for the disassembly rate constant, kd, was
obtained in 3 duplicate experiments, normalized relative to the
corresponding wt value, and averaged. Average relative kd
values and associated errors are shown in Figure 4B.

The results showed that 2 out of the 7 CA mutants
disassembled faster than the wt, with a kd 3.4× (Q63A) or
3.9× (P38A) that of the wt. Four mutants (E45A, S178A,
E180A, and Q192A) disassembled with a rate similar to the wt.
One mutant (V165A) disassembled at a slower rate than the
wt (0.2× the wt rate).

To sum up, the results of comparative kinetic analyses
revealed that every tested mutation influenced the CA self-
assembly rate (both nucleation and growth rate) and, in some
cases, also the disassembly rate, and the effects of most
mutations were different. A broad categorization for the 7

tested alanine mutations in CA could be established
considering their influence on the (dis)assembly kinetics:

Group I, mutants with a lesser influence: E45A at the
NTD−NTD interface and S178A, E180A, and Q192A at the
CTD−CTD interface assembled either faster or slower than
the wt, but disassembled at a similar rate. The similar
dissociation kinetics obtained for group I mutant VLPs and
the wt VLP suggested that they all could form particles with
the same structural organization (i.e, mainly tubes).

Group II, mutants which exerted conspicuous (though
different) effects: V165A at the NTD−CTD interface
assembled much faster than the wt and disassembled at a
slower rate; Q63A, also at the NTD−CTD interface,
assembled somewhat slower than the wt and disassembled at
a faster rate; P38A, at the NTD−NTD interface, assembled
and disassembled faster than the wt. The conspicuous
assembly kinetics differences between group II mutant CAs
and wt CA suggested that they could form VLPs that differ
from the wt VLP not only in stability, but also in structural
organization.
Changes of VLP Architecture by Truncating Specific

Side Chains at Interfaces in the CA Lattice. The
morphologies and dimensions of the assembled wt and mutant
VLPs were then determined by TEM imaging of many
individual particles in each case, using negative staining (see
Methods) (Figure 5). Nearly all individual VLPs assembled
from wt CA and observed by TEM corresponded to long tubes
(Figure 5); occasionally, some flat sheets were observed.
Similar results had previously been obtained by us and other
groups that investigated assembly of the wt HIV-1 CA in vitro,
under conditions similar to those used in the present study
(see for example ref.32).

The alanine mutant VLPs tested here showed different
morphologies, or mixtures of different morphologies, depend-
ing on the mutant (Figure 5). The different observed
morphologies were grouped as follows (Figure S1):

Type H: morphologies that were previously shown to be
based on a regular hexameric lattice (Figure S1, top images),
without a requirement for the formation of pentameric
defects.29 This type included tubes (i.e., rolled sheets), flat
sheets, and, occasionally, partially rolled sheets.

Figure 4. Comparative disassembly kinetics of wt and alanine
mutant CA particles. (A) Effects on the kinetics of CA particle
disassembly by the individual mutation of different interfacial
amino acid residues to alanine. Disassembly of polymerized VLPs
was followed by monitoring the OD at 350 nm. The curve
corresponding to each variant CA in a representative experiment is
color coded (dark gray, CA wt; brown, Q192A; green, Q63A; cyan,
E180A; orange, S178A; blue, E45A; red, P38A; purple, V165A).
(B) bar plot of the ratio between the disassembly rate constant kd
for each mutant CA and the kd for wt CA, averaged from data
obtained in triplicate experiments (kdwt = 0.07 ± 0.02 min−1).
Error bars correspond to standard deviations.
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Type P: morphologies that were previously shown to be
based on a regular hexameric CA lattice in which pentameric
defects must be formed at certain sites (Figure S1, bottom
images), leading to specific curvatures.29 This type included
open or closed quasi-spheres and teardrop-shaped or truncated
cone-shaped particles, as well as (extremely infrequent)
capsule-like tubes with quasi-spherical domes at the ends.

For the wt and each VLP mutant of assembly groups I or II,
the relative proportion of VLPs assigned to morphology types
H or P were estimated by counting the particles of each type
present in many TEM fields from each of several different
preparations obtained in different experiments (Table 1).

For the wt and the four group I mutants (disassembly rates
similar to the wt), the assembly reaction yielded VLPs that
were all assigned to morphology type H: either a very high
proportion of long tubes and a few sheets (wt, 95% long tubes

and 5% sheets; Q192A, 97% long tubes and 3% sheets), or
long tubes only (E45A, S178A). E180A also formed tubes
only, but these were much shorter than the wt tubes, and also
very rough and irregular, which suggests the underlying
hexagonal lattice could contain some defects. E180A was
also the only group I mutant that assembled with a
(somewhat) slower rate than the wt.

For the three group II mutants ((dis)assembly kinetics
conspicuously different from the wt) the dominant VLP
morphologies were quite different from the wt as predicted.
For P38A most particles (72%) corresponded to flat sheets,
tubes were much less abundant (28%). In spite of its different
dominant morphology, P38A still belonged to type H
(hexamer-only lattice). In contrast, group II mutants V165A
and Q63A showed very high proportions of open or closed,
teardrop- or truncated cone-shaped VLPs (Q63A 71%; V165A

Figure 5. Visualization by TEM of wt and alanine mutant VLPs self-assembled in vitro. The scale bars represent a length of 150 nm. The scale
bars in the insets represent 50 nm.

Table 1. Quantification and Characterization of CA VLPs Obtained in In Vitro Assembly Experiments

Percentages (%)a Dimensions (nm)b

Type H Type P Type H Type P

Protein Tubes Sheets Cones Spheres Dtubes N Lcones N Dmax,cones N Dspheres N

CAwt 95 5 0 0 49 ± 5 60
P38A 28 72 0 0 54 ± 14 13
E45A 100 0 0 0 48 ± 6 41
S178A 100 0 0 0 48 ± 5 54
E180A 100 0 0 0 41 ± 4 53
Q192A 97 3 0 0 50 ± 5 66
Q63A 17 0 71 12 51 ± 8 15 120 ± 28 28 68 ± 8 28 65 ± 9 4
V165A 8 0 87 5 59 ± 7 28 110 ± 23 82 68 ± 13 82 60 ± 9 21
CAwt

r 100 0 0 0 46 ± 4 20
CAwt

nr 100 0 0 0 48 ± 7 23
CA1m

r 100 0 0 0 57 ± 12 31
CA1m

nr 100 0 0 0 49 ± 8 51
CA2m

r 13 0 75 12 54 ± 5 25 85 ± 13 35 53 ± 8 35 52 ± 7 18
CA2m

nr 8 0 82 10 53 ± 6 32 84 ± 12 38 51 ± 9 38 50 ± 6 17
CA3m

r 37 0 50 13 56 ± 7 21 74 ± 11 20 45 ± 6 20 51 ± 9 16
CA3m

nr 0 0 89 11 75 ± 10 21 48 ± 8 21 54 ± 9 14
aThe relative abundance of each architectural type is indicated. bThe average dimensions (in nm) plus minus the corresponding standard
deviations are indicated. D: diameter; L: length; N: number of measurements.
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87%), together with a much smaller proportion of quasi-
spheres (Q63A 12%; V165A 5%). These two mutants could,
thus, be assigned to morphology type P, which require the
insertion of pentameric defects to account for their particular
shapes. For these two mutants, only a minor proportion of
tubes were observed (Q63A 17%; V165A 8%) and, moreover,
these tubes were much shorter than the wt tubes.

The approximate sizes of many individual VLPs with
different morphologies were determined from TEM images,
and the results were separately averaged for the wt and each
mutant. The average dimensional parameters and standard
deviations are indicated in Table 1. The tubes observed in
stained preparations for the wt CA and each mutant (except
E180A), irrespective of length, were on average 48−59 nm in
diameter. These values are similar to those of assembled CA
tubes (∼45−50 nm in stained TEM images),28,44 whose
molecular architecture was determined at high-resolution by
cryo-EM or other high-resolution techniques, and shown to be
based on a regular hexameric CA lattice.45−48 In contrast, the
short, rough, and irregular E180A tubes were somewhat
thinner (∼41 nm average diameter).

The dimensions of VLPs showing type P morphologies were
also rather uniform within and between mutants. The average
diameter of quasi-spherical VLPs was 60−65 nm. The average
maximum width of teardrop- or truncated cone-shaped VLPs
was 68 nm, and their average length was 110−120 nm. These

dimensions are very similar to those of cone-shaped authentic
mature HIV-1 capsids (∼60 × 120 nm), whose high-resolution
molecular architecture revealed a hexameric CA lattice in
which pentameric defects must be present at certain
locations.49

Introduction of Cysteines and Interprotein Disulfide
Bridges at Interfaces in the CA Lattice. The 7 alanine
mutants described above were analyzed to determine changes
in VLP assembly, disassembly, and architecture upon removal
of interprotein interactions in the CA lattice. Changes in VLP
morphology had previously been observed also when disulfide
bonds between CA subunits were introduced through
mutation of specific residues to cysteine (e.g., mutants
A204C36 or A14C/E45C.48 It was, however, unclear whether
the observed effects on assembly were due to the disulfide
bonds themselves, or just to the introduced cysteines.

To differentiate between the effect on VLP assembly and
morphology of introduced cysteines and that of the disulfide
bridges, we used three CA mutants we had previously
constructed to engineer a disulfide-linked two-dimensional
protein lattice of increased mechanical robustness.50 These
three cysteine CA variants are the single mutant CA1m (E180C
at the CTD−CTD interface); the double mutant CA2m

(A14C/E45C at the NTD−NTD interface); and the triple
mutant CA3m (A14C/E45C/E180C) that combines the CA1m

and CA2m mutations.50 Under nonreducing conditions, our

Figure 6. Comparative self-assembly kinetics of wt and cysteine mutant CAs under reducing conditions (top graphs) or nonreducing
conditions (bottom graphs). (A) Effects on the kinetics of CA self-assembly by the individual mutation of different interfacial amino acid
residues to cysteine. CA polymerization was followed by monitoring the optical density (OD) at 350 nm. The curve corresponding to each
variant protein in a representative experiment is color coded (top graph, reducing conditions: light red, CAwt

r; light blue, CA3m
r; light pink,

CA2m
r; light green, CA1m

r; bottom graph, nonreducing conditions: red, CAwt
nr; blue, CA3m

nr; pink, CA2m
nr; green, CA1m

nr). (B) Bar plots of
the ratio between the nucleation rate constant kn for each CA mutant and the kn for wt CA, averaged from data obtained in duplicate
experiments (knwt,r = 0.0132 ± 0.0005 min−1, knwt,nr = 0.0060 ± 0.0001 min−1). For mutants CA2m and CA3m, a minimum value is given
(indicated by an asterisk), as the nucleation rate was faster than the experimental dead time. (C) Bar plot of the ratio between the growth
rate constant kg for each CA mutant and the kg for wt CA, averaged from data obtained in duplicate experiments (kgwt,r = 0.0683 ± 0.0002
OD·min−1, kgwt,nr = 0.051 ± 0.002 OD·min−1). Error bars in (B,C) correspond to standard deviations.
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previous biochemical analysis confirmed that, in the CA1m

lattice, hexamers can be covalently linked to neighbor
hexamers by disulfide bridges; in the CA2m lattice, the
monomers within each hexamer can be covalently linked by
disulfide bridges; in the CA3m lattice, both the monomers in
each hexamer and the hexamers in the lattice can be covalently
linked by disulfide bridges.50

Those three mutants were then analyzed for assembly and
morphology of the VLPs formed in solution, both under
reducing (r) conditions (no disulfides formed) and non-
reducing (nr) conditions (disulfides formed), as described
next.
Changes in VLP Assembly Kinetics by Introducing

Cysteine Substitutions and Disulfide Bridges at Inter-
faces in the CA Lattice. Assembly of the control wt VLPs
and each cysteine mutant VLPs (Figure 6) was done exactly as
described above for wt and the alanine mutant VLPs, but this
time using both reducing conditions (Figure 6, top) and
nonreducing conditions (Figure 6, bottom). The results of a
representative experiment are shown in Figure 6A. For each
tested VLP, the values for kn and kg were obtained in duplicate
experiments, normalized relative to the wt values, and
averaged. Average relative kn values and associated errors are
shown in Figure 6B. Average relative kg values and associated
errors are shown in Figure 6C. It was not possible to precisely
determine the nucleation rate constant for the CA2m and CA3m

mutants, because the nucleation reaction was faster than the
experimental dead time. However, the data did reveal that for
these two mutants the kn was at least 1 order of magnitude
higher than the wt, both under reducing and nonreducing
conditions.

The results obtained under reducing conditions (no
disulfides) (Figure 6, top graphs) showed that CA2m both
nucleated and grew much faster than wt CA (kg 36.6× the wt)
whereas CA1m nucleated at a rate similar to the wt and grew
much more slowly than the wt (kg 0.06× the wt). CA3m (which
contains the two mutations introduced in CA2m plus the one
introduced in CA1m) showed an intermediate growth rate
compared to CA2m and CA1m (kg 5× the wt), indicating an
additive effect of the combined mutations on the assembly
process (Figure 6B,C). Thus, replacement of certain interfacial

amino acid residues by cysteine, like the removal of certain
interfacial interactions by alanine mutations, led to substantial
effects in the kinetics of VLP assembly, even in the absence of
disulfide bonds.

Comparison of the results obtained under nonreducing
conditions (disulfides formed) (Figure 6, bottom graphs) with
those obtained under reducing conditions (no disulfides)
(Figure 6, top graphs) showed that the covalent links
established between the assembling CA subunits increased
the growth rate. The growth rate of CA1m increased by 3.9×
(interhexamer disulfides); that of CA2m by 1.9x×(intrahexamer
disulfides); and that of CA3m by 11.7×, revealing that the
interhexamer and intrahexamer disulfides combined exerted an
additive or weakly cooperative effect on the assembly rate.
Changes in VLP Architecture by Introducing Cysteine

Mutations and Disulfide Bridges at Interfaces in the CA
Lattice. The morphologies and dimensions of wt CA and
mutant CA1m, CA2m, and CA3m VLPs were then determined as
described above for the alanine mutant VLPs (Figure 7). The
cysteine mutant VLPs also showed different morphologies or
mixtures of different morphologies, depending on the mutant
(Figure 7). For the wt and each mutant VLP, the relative
proportion of particles assigned to morphology types H or P
were estimated by counting the particles of each type present
in many TEM fields from each of several different preparations
obtained in different experiments (Table 1).

For CA1m (E180C), as for the corresponding alanine mutant
E180A (see above), the assembly reaction yielded only short,
irregular tubes, both under reducing and nonreducing
conditions. CA2m formed open or closed, teardrop- or
truncated cone-shaped VLPs (75% or 83% of the total VLPs
formed under reducing or nonreducing conditions, respec-
tively), or quasi-spheres (12% or 9%, respectively). Only a
minor proportion of tubes (13% or 8%) were observed and,
again, these tubes were much shorter than the wt tubes. CA3m

under nonreducing conditions yielded open or closed,
teardrop- or truncated cone-shaped VLPs (50%) or quasi-
spheres (13%), and 37% (long) tubes, a behavior that was
again intermediate between those of the wt and CA1m on one
side, and that of CA2m on the other. However, CA3m under

Figure 7. Visualization by TEM of wt and cysteine mutant VLPs self-assembled in vitro under reducing or nonreducing conditions. The scale
bars represent a length of 100 nm. The scale bars in the insets represent 50 nm.
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nonreducing conditions yielded 89% truncated cones and 11%
quasi-spheres; no tubes were observed at all (Table 1).

The above results revealed that the replacement of A14 and
E45 by cysteines, but not the replacement of E180 by cysteine,
favored the formation of type P morphologies, even in the
absence of disulfide bonds. The disulfides formed in CA1m or
CA2m had no discernible effect on the different morphological
types obtained in each case or their relative abundance. The
combination of the CA1m and CA2m disulfides in CA3m did
result in both a decrease in the proportion of tubes from 37%
to 0%, and a corresponding increase in the proportion of type
P, cone-shaped particles from 47% to 89% (Table 1).

The approximate sizes of many stained individual CA1m,
CA2m, or CA3m VLPs with different morphologies were
determined from TEM images and separately averaged
(Table 1), as was done for the alanine mutants. The tubes
observed for each mutant, irrespective of length, were 49−57
nm in average diameter. The dimensions of the type P
morphologies were also rather uniform between and among
mutants. The average diameter of quasi-spherical VLPs was
50−54 nm. The average maximum width of teardrop- or
truncated cone-like VLPs was 45−53 nm, and their average
length was 74−85 nm, values similar to those found for the
different particle types formed by wt CA and the alanine
mutants.

To sum up, different individual amino acid replacements by
alanine or cysteine at protein−protein interfaces in the HIV-1
CA lattice influenced VLP assembly and/or disassembly
kinetics and either favored or disfavored different assembly
pathways leading to different VLP architectures. In addition,
disulfide bridges within and/or between CA hexamers
accelerated CA assembly, and when both bridge types were
present together, they also influenced the assembly pathway.
Certain amino acid substitutions at the CA−CA interfaces, or
the establishment of a network of CA−CA covalent bonds,
strongly favored in vitro the assembly of truncated cone-shaped
VLPs resembling authentic mature HIV-1 capsids.
ToD Destabilization May Determine the Different

Propensity of Variant HIV-1 CAs to Assemble into
Tubes or Capsid-Like Cone-Shaped Particles. The above
results revealed that, under CA assembly promoting conditions
in vitro, certain amino acid substitutions at protein−protein
interfaces in the CA lattice have no influence on VLP
architecture: like wt CA, some tested CA mutants (e.g.,
S178A) formed long tubes whose assembly does not require
the insertion of pentagonal defects in the hexagonal protein
lattice (type H morphologies). However, for some other CA
mutants, a dramatic change occurred in the favored assembly
pathway, leading to the production of a vast majority of
teardrop- or truncated cone-shaped VLPs instead of tubes.
Formation of cone-shaped particles have previously been
shown to require the presence of CA pentamers at certain
positions in the CA protein lattice (type P morphologies). Of
particular interest were CA mutants Q63A and V165A, in
which certain interprotein interactions at the NTD−CTD
intrahexamer interfaces had been specifically removed.

Our working hypothesis (justified in the Introduction and in
Figure 2B) was that CA mutations that decrease the stability of
the ToD assembly intermediate would facilitate the formation
of pentagonal defects in the growing hexagonal lattice. These
variants would show an increased propensity to form type P
architectures (teardrop- or cone-shaped particles). Conversely,
CA variants with mutations that do not significantly influence

ToD stability would predominantly form, like wt CA, type H
architectures (hexamer-only tubes).

The unmodified ToD intermediate is transient and cannot
be isolated to experimentally test the above hypothesis.
Instead, in this study, all-atom MD simulations were performed
to assess the effects of some CA mutations on ToD
conformation and equilibrium dynamics, on the strength of
protein−protein interactions within the ToD, and on ToD
stability (Figure 8 and Movie 1). Four CA variants were

chosen as representatives of the ensemble of the 11 variants
tested in this study for VLP assembly, disassembly, and
morphology (Figure 8A). Two of the chosen CA variants (wt
and S178A) assembled into hexamer-only tubes (type H
morphology). The two other chosen CA variants (V165A and
Q63A) assembled into teardrop- or cone-shaped particles that
must include pentameric defects in the protein lattice (type P
morphology).

Figure 8. Conformational dynamics and equilibrium conformation
of type H and type P variants during free all-atom MD simulations.
(A) Ribbon structure of the CA monomer showing residues Q63,
V165, and S178 that were individually replaced by alanine residues
in the corresponding CA mutants. The NTD (deep blue) and CTD
(light blue) are indicated. (B) Top view of a ToD in which a
dihedral angle is defined (black dotted line) between residues
A204 located at the outer edge of the ToD (1 to 3) and a fourth
A204 residue (4), one of the three A204 residues located very
close to the center of the ToD. The gray circle delineates the plane
subtended by the three A204 residues at the outer edge of the
ToD. Each CA dimer within the ToD is differentially colored
(cyan, deep blue, or light blue). (C) Time evolution of the
averaged dihedral angles show convergence of type H CA variants
(wt, black; S178A, orange) on one side and of type P CA variants
(Q63A, green; V165A, purple) on the other. (D) surface
representation of the equilibrium conformation of ToDs from
type H variants (wt and S178A, left) or from type P variants
(V165A and Q63A, right). Each dimer within the ToD is
differentially color-coded, as in panel (B). (E) normalized
histogram of the nonbonding (VdW and electrostatic) energy of
a dimer for type P variants (Q63A, green; V165A, purple) and for
type H variants (wt, black; S178A, orange).
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The ToD structures for each of the four chosen CA variants
(Figure 8B) were computationally extracted from the non-
mutated CA lattice atomic structure (PDB ID: 4xfx).46 The
corresponding mutations (S178A, V165A, or Q63A) were then
virtually introduced in the ToD structure (see Methods).

Free all-atom MD simulations of 1 μs duration (see
Methods) were performed with the four chosen variant ToD
intermediates (Figure 8 and Movie 1). The root-mean-square
deviations (rmsd) of the protein backbones remained within
the 6−8 Å range in all simulations (Figure S2), which indicated
that stable ToD equilibrium conformations had been reached.

Visualization of the MD trajectories showed that the ToDs
corresponding to type H morphologies adopted a different
equilibrium conformation with respect to the ToDs corre-
sponding to type P morphologies. The different conformation
of type P ToDs relative type H ToDs was reflected, for
example, in the degree of convexity of the ToD. To support the
observation that ToD equilibrium conformations segregated
according to types H or P, the dihedral angle formed by the Cα
of residues A204 (Figure 8B) was determined as a parameter
to quantify ToD convexity. The temporal evolution of the
dihedral angle thus calculated clearly differentiated between
type H ToD variants (wt and S178A), which were more
convex, and type P ToD variants (Q63A and V165A), which
were flattened (Figure 8C).

Type P ToDs showed relatively large openings between the
dimeric subunits (Figure 8D and Movie 1) that were not
observed in type H ToDs. This observation suggested that type
P ToDs are destabilized relative to type H ToDs. We estimated
the interaction energy between a dimer within the ToD with
the rest of the protein complex using NAMD51 (see Methods).
The association energy values were lower (more negative) for
type H ToDs than for type P ToDs (Figure 8E), which directly
indicates that type P ToDs are destabilized relative to type H
ToDs.

To sum up, all-atom MD simulations indicate that ToDs
formed by Q63A or V165A variants with increased propensity
for assembly into pentamer-containing, cone-shaped particles
adopt a different equilibrium conformation and are destabilized
relative to ToDs formed by wt or S178A variants that assemble
into hexamer-only tubes. These results are consistent with the
hypothesis under test.
A Mechanism for ToD Destabilization. We then

checked which CA−CA interactions could be removed in
the ToD intermediate by type P mutations (Q63A and
V165A), but not by type H mutations (S178A), which could
lead to its destabilization. Analysis of interactions in the
conformation a ToD adopts within the structure of an already
assembled CA lattice was not considered adequate because: (i)
the free ToD intermediate in solution may adopt, at
equilibrium, a conformation that significantly differs from
that in the assembled lattice; accordingly, high rmsd values
were obtained from MD simulations when the starting ToD
structure and the final, equilibrium conformations were
compared (Figure 8). (ii) Beyond the removal of an atomic
group, the type H and type P mutations altered the predicted
ToD equilibrium conformation in different ways, again as
indicated by the results of MD simulations; (iii) Like many
other proteins and protein complexes, the ToD may sample
different conformations around the minimum free energy
conformation at equilibrium. Such different conformations
were observed during the last 250 ns of the MD simulations, in
which the wt and mutant ToDs had already reached

equilibrium (as indicated by rmsd values and dihedral angles;
Figures S2 and 8).

Instead of relying on a static picture of the ToD as a part of
the assembled lattice, PyContact52 was used to analyze the
different conformations of the free ToD that fluctuated around
the minimum free energy conformation at equilibrium in the
last 250 ns of the MD trajectories. Pairs of residues involved in
CA−CA contacts were identified for each fluctuating
conformation of the wt, S178A, Q63A, or V165A ToD
variants. A cutoff distance of 5 Å was chosen to include
medium-range ionic interactions, as well as closer atom−atom
contacts. Quantitative criteria (described in Methods) were
used to evaluate the frequency of each observed CA−CA
contact in the ensemble of wt and mutant ToD conformations
at equilibrium (last 250 ns of the MD trajectories). The
individual contacts were categorized as similarly represented,
under-represented, or over-represented in a mutant ToD
ensemble at equilibrium, relative to the wt ToD ensemble.

The results of the comparative analysis (Figure S3) revealed
some CA−CA contacts that were frequently present in type H
ToDs (wt and S178A) but not in type P ToDs (Q63A and
V165A). These type H characteristic contacts were located at
CTD−CTD interfaces, close to the 3-fold axis at the ToD
center. In addition, some CA−CA contacts that were not
frequently present in type H ToDs occurred in type P ToDs.
These type P characteristic contacts were located at NTD−
NTD interfaces close to the ToD edge. Moreover, visual
inspection of individual conformations along the MD
trajectories clearly revealed conspicuous differences in the
local conformation around the different CA−CA interfaces.
Thus, destabilization of the ToD by type P mutations appears
to arise from (i) significant distortions of CA−CA interfaces,
and (ii) a reduced interaction energy in the CTD−CTD
interface in each CA dimer within the ToD intermediate. The
higher propensity for dissociation of the CA monomers in the
CA dimer could facilitate the dissociation of a dimer from a
ToD as proposed (Figure 2B), though not as a single unit. The
debilitated CTD−CTD interface would instead facilitate the
successive release of the two monomer subunits of the same
dimer in the ToD.

CA residues Q63 and V165 are located at CTD−NTD
interfaces (Figure 1), so it may come as a surprise that they are
predicted to distort the CTD−CTD interfaces in the ToD. In
fact, an analogous situation was previously observed on
binding the peptide CAI to CA. CAI binds a site in CA that
is very close to the Q63 and V165 residues at the CTD−NTD
interface, but the bound peptide actually distorted the CTD−
CTD interface, reduced the strength of the CTD−CTD
interaction in each CA dimer, and impaired VLP assembly.53

In addition, mutation to alanine of residue Y169, located not
far from V165, also distorted the CTD−CTD interface like the
CAI peptide did.54

We have no evidence yet to indicate that the cysteine
mutations in CA2m and CA3m, or the disulfide bonds in CA3m,
favor the production of cone-shaped VLPs by destabilizing the
ToD intermediate in the same way that the Q63A and V165A
mutations do. In principle, the cysteine residues introduced in
CA2m could destabilize the ToD by removing some CA−CA
interactions, introducing steric clashes, or distorting the
protein−protein interfaces. In turn, the combination of
NTD−NTD and CTD-CTD disulfides in CA3m could reduce
ToD stability because of the need to satisfy severe steric
constraints through an energetically unfavorable conforma-
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tional rearrangement of CA. The disulfide network in CA3m

could also lead to an increase in the association free energy by
reducing the conformational entropy of the system; such a
reduction could not be fully compensated by a reduction in
enthalpy due to the formation of the disulfide bonds. In
contrast, when only one or the other disulfide types was
introduced separately in CA1m and CA2m under nonreducing
conditions, less steric constraints would occur, and the ToD
would not be destabilized. Further studies are required to
assess whether mechanisms other than ToD destabilization
may promote the formation of cone-shaped VLPs in vitro.
ToD Instability as a Determinant for the Formation

of Pentamer Defects During Capsid Assembly in the
Maturing HIV-1 Virion? The typical outcome of many
attempts for achieving in vitro the self-assembly of free CA
from HIV-1 into pentamer-containing, cone-shaped VLPs
resembling authentic capsids was the formation of hexamer-
only tubes instead. This result underscores the need for a
better understanding of the structural determinants of protein
self-assembly, if one wishes to devise effective bottom-up
approaches to fabricate protein-based nanoparticles of defined
size and architecture for specific uses.

In principle, one could guess that a cone-shaped HIV-1
capsid could be assembled through the association of CA
monomers and dimers into relatively stable hexameric and
pentameric intermediates and that certain conditions could
favor the insertion of a pentamer between hexamers during
their association to form the capsid. However, to our
knowledge, no evidence supports the assembly of the mature
HIV-1 capsid from a mixture of hexameric and pentameric
building blocks or intermediates. Instead, the available
evidence regarding self-assembly of HIV-1 CA favors a
ToD38 as a dominant intermediate in a nucleation and growth
pathway to form higher-order nanostructures.

The necessity of including pentamers in the lattice to build
an authentic HIV-1 capsid calls for a complex scenario in
which, in addition to ToDs, CA monomers and other CA
oligomers may also join the growing CA lattice38 or dissociate
from it. Consistent with this idea, visualization in real time of
the growth of a two-dimensional hexameric HIV-1 CA lattice
in vitro using high-speed atomic force microscopy revealed a
reversible, stochastic association and dissociation of CA
monomers and different types of CA oligomers to the growing
protein lattice.55

In the model by Tsiang et al.,38 a pentamer can be formed in
the growing CA lattice by sharing a dimer between two
neighbor ToDs (Figure 2A). We envisaged that this situation
could be achieved during capsid assembly by association of one
DoD with two ToDs (Figure 2B). Transient DoDs could result
from the dissociation of a dimer from a ToD (or, rather, as
indicated by the above results, the stepwise dissociation of the
two monomers of a dimer). DoDs may also transiently appear
during the stepwise association of CA dimers to form a ToD.
The results obtained in the present study suggest that
conditions required for CA self-assembly in vitro (a high
ionic strength that screen CA-CA repulsions30,31) may also
stabilize the ToD intermediate. As a consequence of ToD
stabilization, the DoD population would be smaller, which
would decrease the probability of the formation of pentameric
defects in the VLPs being assembled. The stepwise addition of
ToDs only to an assembly nucleus would result in the
formation of a purely hexagonal CA lattice without pentameric
defects, giving rise to tubes (or sheets), as typically observed

for the wild-type CA in vitro. To achieve the formation of cone-
shaped VLPs instead of tubular VLPs, the stability of the ToD
intermediate may have to be maintained below a certain
threshold. Such a requirement was fulfilled under in vitro
assembly conditions (high ionic strength) through the
introduction of certain CA mutations (e.g., Q63A or V165A)
that would reduce the strength of CA-CA interactions in the
ToD. The destabilization of the ToD would increase the DoD
population and, thus, the probability of formation of
pentameric defects to yield cone-shaped VLPs in vitro.

The results of the present study suggest the possibility that,
under the conditions found inside the virion, the ToD
intermediate formed by wild-type CA may not be as stable
as at the very high ionic strength and unconfined environment
found during CA assembly in vitro. A low ToD stability may
contribute to some extent to the formation of pentamers inside
the virus particle, favoring the assembly of a cone-shaped
capsid.

However, it should be emphasized that closed, cone-shaped
particles resembling authentic HIV-1 capsids were not the only
pentamer-containing particles formed by the type P CA
mutants in vitro; open teardrop-shaped particles and closed or
open spheres were also formed in sizable proportions. Thus,
type P mutations in CA and their ToD-destabilizing effect were
not enough to direct the inclusion of pentamers exclusively to
some specific positions in the CA lattice. In contrast, in the
virion, nonmutated CA assembles into closed cone-shaped
capsids almost exclusively (although aberrant open particles
are sometimes found56). Theory and/or experiment indicates
that several factors inside the virion may promote the inclusion
of pentamers at defined positions in the lattice to efficiently
yield cone-shaped capsids. These factors include: the confined
space within the MA shell, that may affect the curvature of the
growing CA lattice;33,56 the presence of the lipid envelope, MA
shell and NC/RNA complex that may electrostatically interact
with the CA subunits and even act as a template;33,57 the
interaction of other viral or cellular molecules (like IP6 or
CypA) enclosed in the virion;58,59 etc. Coarse-grained
molecular dynamics simulations indicate that the radius of
spontaneous curvature for a conical capsid is different than that
for a cylindrical particle. Inside the virion, the growing CA
lattice may curl into the shape of a cone,56,60 and the inclusion
of pentamers at quite specific positions would be unavoidable
to relieve the accumulated stress.61

CONCLUSIONS
The evidence obtained in this study supports the hypothesis
that the stability of a major, transient assembly intermediate (a
trimer of CA dimers, ToD) may control the HIV-1 capsid self-
assembly pathway, leading to the formation of nanoparticles
with different architectures. If the ToD becomes very stable,
for example under conditions required for CA polymerization
in vitro (high ionic strength), tubular nanoparticles will be
formed. If the ToD stability is kept relatively low, for example,
by introducing mutations in CA that compensate for the
stabilization of the ToD under in vitro assembly conditions,
cone-shaped nanoparticles resembling authentic HIV-1 capsids
will be formed. The dependence on ToD stability of the HIV-1
capsid assembly pathway may be explained by the following
model. Dimers of CA dimers (DoDs) in addition to ToDs may
be required for the formation of pentamers during growth of
the protein lattice. DoDs would transiently occur as
intermediates during ToD oligomerization, and/or as a
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consequence of the dissociation of a dimer from a ToD. ToD
stabilization would reduce the DoD population, increasing the
frequency of hexamer-only tubes. ToD destabilization would
increase the DoD population, increasing the frequency of
pentamer-containing cone-shaped particles.

METHODS
Mutagenesis, Protein Expression and Purification.

Mutations were introduced in a recombinant plasmid coding
for CA from HIV-1 (strain BH10)32 using the Quick Change
II site-directed mutagenesis Kit (Stratagene). The presence of
the desired mutations and absence of other mutations was
confirmed by nucleotide sequencing. The CA protein was
expressed in E. coli BL21(DE3) cells that had been transfected
with a recombinant plasmid pET21b(+) containing the coding
sequence for wt CA or the chosen CA mutants, and purified as
previously described.32 In brief, cell cultures were grown at 37
°C and protein expression was induced by the addition of 1
mM IPTG and incubation for 3 h. Cells were harvested and
frozen at −20 °C for storage. The cells were thawed and
resuspended in 50 mM Tris-HCl pH = 8 containing 5 mM β-
mercaptoethanol for wt CA and alanine mutants and in 50 mM
Tris-HCl pH = 8 containing 20 mM DTT for the cysteine
mutants and lysed by sonication. After centrifugation, CA
protein in the soluble fraction was purified by ammonium
sulfate fractionation, ion exchange chromatography in SP-
Sepharose, and size-exclusion chromatography in a Superdex
75 (Amersham Biotech). The solution of purified CA thus
obtained was thoroughly dialyzed against phosphate buffered
saline (PBS) for wt CA and alanine mutants and against PBS
containing 20 mM DTT for the cysteine mutants and stored at
−80 °C until use. Protein purity was assessed by poly-
acrylamide gel electrophoresis. The concentration of CA
protein stocks was determined by UV spectrophotometry.
Self-Assembly of Wt and Mutant CAs In Vitro and

Kinetic Analysis. Assembly reactions were performed as
previously described31 with some modifications. The reaction
mixtures were incubated at room temperature (23 °C) and a
CA concentration of 38 μM in PBS pH 7.4 for the alanine
mutants and the wt control; or, alternatively, in PBS pH 7.4
containing 4 mM DTT (reducing conditions) or 10 mM
cystamine (nonreducing conditions) for the cysteine mutants
and the wt control. The assembly reaction was triggered by
adding NaCl to a final concentration of 2.25 M. The OD at
350 nm was determined as a function of time to monitor the
appearance of high order structures using a Shimadzu UV-
1603 spectrophotometer. The time-dependent increase in OD
was fitted to a sigmoidal function based on the F−W two step
model:43
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where ODt is the optical density at 350 nm and time t, A0
represents the initial light scattering of the initial free CA, kn is
the nucleation rate and kg is the growth rate. Maximum rates
were calculated from the first derivative of eq 1.
Disassembly of CA Protein Wild-Type and Mutant

Proteins In Vitro and Kinetic Analysis. CA VLPs previously
assembled as described above and kept at room temperature
(23 °C) were diluted 10-fold in the same reaction buffer to
trigger their disassembly.42 The OD at 350 nm was determined

as a function of time to monitor the disappearance of high
order structures using a Shimadzu UV-1603 spectrophotom-
eter. The time-dependent decrease in OD was fitted to a
single-exponential function:

= + ·OD OD A e k t
t f

d (2)

where ODt is the optical density at time t, A is the pre-
exponential factor, kd is the dissociation rate constant, and ODf
is the optical density at infinite time.
Negative Staining and Visualization of VLPs by TEM.

The CA assembly products were used undiluted for wt CA,
P38A, E45A, Q63A, S178A, Q192A, E180A, and CA1m, and
diluted 1/10 in reaction buffer for V165A, CA2m, and CA3m to
reduce the VLP concentration in the samples. The diluted
CA3m

nr products were sonicated 10 s to help disperse the VLPs
present in the samples. Eight μL aliquots were deposited on
ionized Formvar/carbon-coated copper grids. The samples
were fixed for 2 min, washed twice with distilled water,
negatively stained with 2% (wt/vol) uranyl acetate for 60 s,
dried, and visualized in JEM-1010 or JEM-1400 (JEOL)
electron microscopes at magnifications of ×60,000 or ×80,000.
The dimensions of many individual VLPs of different types
were estimated from TEM images. The number of individual
VLPs measured in each case is indicated in Table 1. For
tubular VLPs, the external diameter was measured. For the
truncated cone- or teardrop-shaped VLPs length, the length
along the long axis and the maximum width (Φmax) were
measured. For quasi-spherical VLPs, the diameter along two
perpendicular axes were measured.
All-Atom MD Simulations. The atomic structure of a CA

monomer in a hexagonal CA crystal (PDB ID: 4xfx) was used
as a starting model. Missing residues were added using
Modeller.62 Then, transformation matrices were applied to
construct a small patch of the flat hexagonal CA lattice.
Protonation states were calculated with the H++ server63 A
ToD atomic model was extracted from the flat lattice and fed
to the Leap module of AmberTools64 to add protons and the
intrachain disulfide bond (Cys198-Cys218) using the force
field ff14SB.65 Models for the three ToD mutants (Q63A,
V165A, and S178A) were obtained by replacing the
corresponding amino acid residues with alanine in the
previously constructed wt ToD model. Models were solvated
using TIP3P water molecules,66 including Na+ and Cl− ions to
neutralize the system and reach 150 mM NaCl.67

The systems were simulated with OpenMM68 with a time
step of 2 fs. The integrator used was a Langevin Middle
Integrator at 298 K with a collision rate of 1.0 ps−1.
Nonbonding interactions were treated by particle mesh−
Ewald with a nonbonding cutoff of 8 Å and hydrogen bond
length was restricted. Pressure was kept constant to 1 bar via
Monte Carlo Barostat. Periodic boundary conditions in
combination with a flat-bottom potential (force constant of
5.0 kcal·mol−1·Å−2) were implemented to keep the system
within the simulation box. The systems were minimized with
default parameters and thermally equilibrated to 298 K. Free
molecular dynamics was run for 1 μs in the production phase.

Trajectories were processed and analyzed with cpptraj69 and
VMD.70 The GetContacts library was used to quantify VdW
interactions and the NAMD Energy Plugging of VMD, was
used to evaluate nonbonding energy contributions using
NAMD.51

To evaluate the specific contacts assigned to type H or P
architectures PyContact52 was used. First, frequency contact

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c07948
ACS Nano XXXX, XXX, XXX−XXX

K

www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c07948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


matrices for wt CA and the three chosen mutant proteins were
obtained via the “ContactFrequency” method. As the residue
indices in the MD topology file are sequential, residue indices
for the contacts were mapped to the equivalent residue indices
in the monomer (1−231). To remove redundant contacts after
mapping, only the highest frequency for each monomer residue
index pair was preserved. After obtaining the difference in
frequency between each contact in the mutant and the
equivalent contact in wt CA, those presenting a difference
greater than 0.5 were considered over-represented; those
showing a difference lower than −0.5 were considered under-
represented; and those with a difference in the range 0.25 to
−0.25 were considered similarly represented in both the
mutant and the wt. Those contacts tagged as over-represented
for V165A and Q63 and similarly represented for S178A were
considered as characteristic of type P ToD conformations at
equilibrium (last 250 ns of the MD simulations); those
contacts tagged as under-represented for V165A and Q63 and
similarly represented for S178A were considered as character-
istic of type H ToD conformations at equilibrium.
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