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ABSTRACT: Direct visualization of pathways followed by Jigsaw puzzle-like building of a virus capsid lattice
single molecules while they spontaneously self-assemble into Building blocks Jigsaw puzzle Stochastic and

and nuclei reversible steps

supramolecular biological machines may provide fundamental
knowledge to guide molecular therapeutics and the bottom-up
design of nanomaterials and nanodevices. Here, high-speed
atomic force microscopy is used to visualize self-assembly of the
bidimensional lattice of protein molecules that constitutes the
framework of the mature human immunodeficiency virus
capsid. By real-time imaging of the assembly reaction,
individual transient intermediates and reaction pathways followed by single molecules could be revealed. As when assembling
a jigsaw puzzle, the capsid protein lattice is randomly built. Lattice patches grow independently from separate nucleation
events whereby individual molecules follow different paths. Protein subunits can be added individually, while others form
oligomers before joining a lattice or are occasionally removed from the latter. Direct real-time imaging of supramolecular self-
assembly has revealed a complex, chaotic process involving multiple routes followed by individual molecules that are
inaccessible to bulk (averaging) techniques.
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he self-assembly of many biomolecular machines entirely encoded in their three-dimensional structure.”’ Inside
including viruses and viral capsids'™> from their the cell, protein folding or virus assembly may require the
molecular building blocks is a complex, yet surprisingly action of chaperones or other ancillary factors to minimize off-
faithful and eflicient process that has fascinated biologists, pathway intermediates and kinetic traps under a complex,
chemists, physicists, engineers, nanoscientists, and nano- macromolecularly crowded environment.” However, under
technologists alike. As a consequence, many multidisciplinary adequate conditions authentic protein complexes and virus
studies on the assembly or disassembly of virus particles have capsids can be efficiently and faithfully assembled in vitro in the
been undertaken and have been reviewed."'” Such exper- absence of any other component. For example, the capsid

imental and theoretical studies are contributing to under- protein of human immunodeficiency virus alone can form

standing supramole;c_ullgr self-assembly and its relationship to assemblies that are virtually indistinguishable in shape and
biological function; the development of antiviral drugs that molecular architecture from authentic mature virus cap-

?nh111311t120r m1sd1rec4t virus morphggenegs or genome uncoat- sids.””™* This fact has allowed the study of fundamental
ing;" "~ the engineering of virus-like nanoparticles and

3 - ) " - protein or virus assembly reactions using simplified theoretical
nanomaterials for biomedical or nanotechnological applica-

= models and/or minimalist experimental systems, without a
tions; °~'® and the design and fabrication using a bottom-up *P 4 !

approach of other nanostructures that can self-assemble in one, nee.d to reproduce the complexity of the intracellular
two, or three dimensions.'”™*° environment.

Understanding the high fidelity and efliciency of the
supramolecular self-assembly of proteins and other biomole-
cules requires a deep knowledge not only of specific molecular
interactions and thermodynamic parameters but also of the
individual pathways followed by individual molecules during
the process. The information needed for folding and binding of
the protein molecules that build most biological complexes is
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Theoretical models and simulations indicate that pathways
for folding and assembly of protein and protein assemblies
proceed downhill through “folding funnels” in an energy
landscape,”’ and both simplified models and coarse-grained
(CG) simulations have predicted reaction pathways during
self-assembly of virus-like particles.”**7'%*® Unfortunately,
experimental studies using actual virus capsids or virions to
verify those predictions have frequently met with difficulties,
mainly due to the highly transient nature and possible
heterogeneity of most reaction intermediates.

Remarkable progress has, however, been made to exper-
imentally identify populated intermediates along the assembl
or disassembly pathways of different virus particles.”>”*” In
many cases intermediates were stabilized relative to initial and/
or final states through changes in conditions or genetic
modifications in the viral proteins. A number of those
intermediates were characterized by different techniques
including electron microscopy (EM),”*™*' biochemical and
genetic analyses,”” size-exclusion chromatography,” small-
angle X-ray scattering,”> > mass spectrometry,” " resistive-
pulse sensing,31’33 nanofluidics,*® interferometric scattering
microscopy,”" fluorescence correlation spectroscopy (FCS),*
or conventional atomic force microscopy (AFM).30

Despite crucial advances in this field, the results of most
experimental studies on virus assembly pathways so far only
yielded a few snapshots of the whole process, limiting the
verification and further development of models and simu-
lations. Most importantly, different pathways that may be
followed by individual molecules are invisible to the averaging
(bulk) techniques used in most of those studies. Studies at the
single-molecule level can provide novel, deeper insights into
virus assembly mechanisms. An example of such an approach is
the recent investigation of the formation of rod-shaped virus-
like particles (VLPs) from a de novo-designed artificial
polypeptide®® and of sphere-like VLPs from SV40 capsid
proteins.”” In these studies, VLP assembly around a DNA
template was followed at the single-molecule level using
conventional and fluorescent optical tweezers. Other single-
particle approaches include single-molecule FCS to follow
encapsidation of a viral genome””** and scattering microscopy
to study MS2 assembly at the single particle level."

In the past decade high-speed AFM (HS-AFM)*® has
emerged as a powerful single-molecule technique to visualize
and characterize in real time and at the single-molecule level
the dynamics of molecular complexes involved in biological
processes. Working molecular motors,””*° movement of
membrane-associated proteins,”’ ~>® and the dynamics of
macromolecular complexes®* ™" are increasingly being visual-
ized and analyzed using HS-AFM in liquid under close to
physiological conditions. In comparison with conventional
AFM, HS-AFM is capable of acquiring images at least 100
times faster, allowing to reach up to video rate temporal
resolution. Moreover, the fast scanning rates used in HS-AFM
allow imaging of highly mobile and often flexible and soft
biological samples with a spatial resolution higher than that
achieved at the much lower scanning rates of conventional
AFM where the fast moving moieties are smeared out. In
comparison with other single-molecule techniques such as
optical tweezers, FCS, or interferometry, the strength of HS-
AFM is to allow visualization of every single molecule and
every transient intermediate, even if largely unpopulated, with
high spatial and temporal resolution.
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The hexagonal protein lattice that constitutes the framework
of the mature capsid in human immunodeficiency virus
(HIV)**** was used here as a model to visualize by HS-
AFM the trajectories followed by single molecules, while they
build a supramolecular viral protein network. The mature HIV
capsid protein (CA) monomer is made of two domains (NTD
and CTD) connected by a flexible linker (Figure 1A, top left).

Figure 1. The mature HIV capsid protein lattice. (A) Top left:
ribbon diagram of a CA monomer. NTD (cyan) and CTD (orange)
domains are linked by a hinge region (green). Top right: atomic
surface model of a CA hexamer. The 6 CA monomers are shown in
different colors. Bottom: atomic surface model of a part of the
mature HIV capsid protein lattice formed by 7 bound CA

hexamers. The interface between the central hexamer and
neighboring hexamers is indicated by a green line. Atomic
coordinates were taken from the Protein Data Bank (PDB ID:
3J3Y). (B) HS-AFM single image of a small area of the mature HIV
capsid protein lattice on a flat surface. Scale bar is S nm. The inset
corresponds to the Fast Fourier Transformed (FFT) representa-
tion of the image. The concentric circles localize different lattice
vector values (9, 5, and 4 nm).

Initially, a bidimensional (2D) CA lattice®® is formed by CA
hexamers stabilized by NTD-NTD and NTD-CTD inter-
actions (Figure 1A, top right) and bound to neighboring
hexamers through dimeric CTD-CTD interactions (Figure 14,
bottom). The growing hexagonal lattice made of CA proteins
(termed here the capsid protein lattice) surrounds the viral
ribonucleoprotein (RNP) complex, while it folds in the third
dimension to yield a closed, truncated cone-shaped capsid
made by only a fraction (~1000—1500) of the ~2500 CA
monomers contained in the virion.”> Capsid closure and
conical shape result from both lattice curvature and the
introduction of CA pentamer “defects” at certain positions in
the hexagonal lattice.””*> At high ionic strength or in the
presence of macromolecular crowding agents, free CA from
HIV can polymerize in vitro™” as hollow tubes or flat sheets
based on the same hexagonal lattice present in the authentic
capsid but (at least theoretically) without pentagonal defects.
Under certain conditions in in vitro experiments closed, cone-
shaped capsid-like particles that must include CA pentamers
were abundantly formed.**

Using conventional AFM we had previously shown that
CA at near physiological temperature, pH, and ionic strength
and in the absence of other macromolecules can efficiently self-
associate as a monomolecular layer on a flat mica substrate that
acts as an assembly promoting template. The mica surface has
a considerable negative charge density and may provide a 2D
qualitative electrostatic mimic of the tridimensional (3D) RNP
complex in the mature virion, which is also negatively charged
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Figure 2. Nucleation, diffusion, growth, and fusion during assembly of the HIV capsid protein lattice. (A) Representative frames from Movie
2 (rate 0.5 fps) at the times indicated in each frame. [CA] = 10 gM. Scale bar (first frame, bottom) is 100 nm. (B) Height histograms
calculated from AFM images taken at different times from Movie 2. Different colors correspond to height profiles determined at different
times as indicated in the plot. The three insets depict likely molecular arrangements that may correspond to peaks of different heights (~1—
2 nm, ~2.5 nm, ~6.5 nm) in the histogram (see text). (C) Trajectories (each shown in a different color) of individual small oligomers on the
substrate before they became immobilized. (D) top panel, Average diffusion coefficient for oligomers (black dots and fitting line) and
percent area occupied by the protein lattice (green line) as a function of time. bottom panel, Average diffusion coefficient for oligomers as a
function of surface occupancy. (E) Two time-lapse AFM images (0 and 108 s) showing the importance of relative lattice axial angles for the
fusion of converging lattice patches. Left image reports the lattice angles for individual patches; the right image shows the merger of patches
with a similar angle and the generation of defects for the unmatched patches. Different symbols provide a guide for lattice integration when
left and right images are compared. (F) Relative number of defects per 1 um” imaging area detected after 3 h of incubation, as a function of
CA concentration.

mainly due to RNA phosphates.”’ The architecture of the CA feature had remained obscure as the followed routes are not
lattice assembled on mica was similar to the hexagonal CA accessible to bulk, averaging experiments.

lattice in HIV capsid-like particles assembled in solution in
vitro or in the authentic mature HIV capsid.

RESULTS AND DISCUSSION

In the present study, HS-AFM has been used to visualize in HIV Capsid Protein Lattice Architecture Visualized by
real time transient intermediates and individual reaction Resolving Individual Protein Subunits Using HS-AFM.
pathways followed by single molecules during templated self- The self-assembled HIV capsid protein lattice was first imaged

by HS-AFM in order to determine structural features of the
lattice (Figure 1B and Movie 1). Because of the orientation
adopted by each CA protein in the lattice on the mica
substrate, with the NTD on top and the CTD below,”" only
the topography of the NTDs can be probed by the AFM tip.
The spatial resolution achieved was high enough to reveal the

assembly of a flat lattice made of HIV capsid protein subunits.
The results provide direct experimental evidence for the
concept that the reversible self-assembly of a protein lattice
from its building blocks does not proceed through a
predominant pathway. Instead, resembling how a jigsaw puzzle

is built, self-assembly of a 2D hexagonal lattice of a viral capsid location of individual NTDs in the lattice and the particular
protein is a complex stochastic process involving multiple, shape of individual hexamers. Precise measurements of
different routes followed by single molecules. Up to now this individual distances and angles between lattice elements were

8726 https://dx.doi.org/10.1021/acsnano.0c03207

ACS Nano 2020, 14, 8724—-8734


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_002.avi
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_003.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_003.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_003.avi
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c03207?ref=pdf

ACS Nano

www.acsnano.org

obtained, and the Fourier transform of the lattice revealed the
regularity of the assembly (Figures 1B-inset and S1). The
average values of the lattice parameters (Figure S1) are in
agreement with those previously obtained from static images
obtained using other techniques such as cryo-EM,” electron
cryocrystallography,”® and conventional AFM.®" In a closely
packed hexagonal lattice, each monomer forms an angle of
+30° with the lattice axis, whereas the NTD domains in the
CA lattice are oriented with an angle of either +20° or +40°,
as can be observed in the images (Figures S1B and S1G). The
high spatial resolution achieved by HS-AFM in time-resolved
experiments described next allowed us to distinguish between
partially or fully assembled hexamers and to visualize in real
time and trace individual pathways for association or
dissociation of CA monomers or small oligomers during self-
assembly or disassembly of the HIV capsid protein lattice.

Dynamics of Nucleation Points and Growth during
Self-Assembly of an HIV Capsid-Based Protein Lattice.
Self-assembly of the viral capsid protein lattice on the
negatively charged mica surface was initiated by adding free
CA protein to the buffer solution (PBS) in the AFM liquid
chamber and was monitored at high temporal resolution (0.5—
2 frames per second, fps) by HS-AFM imaging. At [CA] > 10
UM typical stages in the formation of a protein complex (lag
phase, nucleation, growth, and saturation) were observed as
specific changes in surface topography and protein-covered
area (Movie 2 and Figures 2 and S2). The surface gradually
changed its topography as free CA molecules interacted both
with the substrate and between them. As the molecular density
on the surface increased, small oligomers were detected that
moved on the surface until they were immobilized and started
to grow into larger patches (Movie 2 and Figure 2). Height
distributions traced at different times indicate a clear
succession of distinguishable molecular arrangements (Figures
2B and S2A, S2B). The initial unperturbed surface at t = 0 s
started to exhibit many structural elements of increased height
over time, as can be seen from the height distribution at t =
310 s. The height distribution obtained at t = 564 s, when the
surface was already largely covered by a fluctuating array of
crowded CA molecules, revealed a dominant peak of elements
~2.5 nm in height. At t = 608 s as lattice patches were growing,
a new peak of elements ~6.5 nm in height started to be
observed, and this peak became dominant at t = 720 s when
the ordered CA lattice covered most of the surface (Figures 2B
and S2B, S2C). These observations suggest the following
succession of early assembly events (Figure S2A): prior to
lattice formation, free CA molecules (step 1) diffuse on the
substrate, using a maximum of their molecular surface area to
contact the substrate (ie., laying down) (step 2), and quickly
cover the available surface (step 3). Later, more complex
structural elements (small oligomers) are formed standing up
on the substrate (step 4), and additional CA elements are
merged with each other through lateral association (step $),
leading to growth of the lattice patches.

Early small oligomers had a size compatible with those of a
CA hexamer or a trimer of dimers (height ~6.5 nm). Detailed
analysis of their individual in-plane trajectories (Figure 2C and
Movie 2) revealed their random isotropic movements (Figure
S3) on the surface. Their average diffusion coefficient was
gradually reduced as a function of both time and increasing
surface occupancy by the proteins (Figure 2D). These small
oligomers did not grow into larger protein patches until they
became immobilized. They then either acted as nucleation
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points and grew into larger lattice patches by incorporating
additional CA subunits or associated with an existing patch
(Movie 2 and Figure 2A). Interestingly, those oligomers were
not generally observed before the surface area covered by CA
reached a certain threshold (56% + 10% in these experiments),
which was independent of total [CA] (Figure S2C). This
observation suggests that a critical protein density on the
surface is required for the phase transition (precursor <
nucleus) during capsid protein lattice assembly.

The growth of several protein patches that had been formed
from individual nuclei was then analyzed (Movie 2 and Figure
S4). Under the conditions used in these experiments, the
growth rate, measured in terms of protein-covered area (Figure
S4B, black triangles), increased linearly at ~190 nm?/s until ¢
~ 150 s, and the same was observed for the patch perimeter
(Figure S4C, black dots), after which the surface became
saturated. Fluctuations in lattice surface area (AA) (Figure
S4B, red dots-cyan trace) or perimeter (Figure S4C, red dots-
green trace) during the first 150 s indicate that assembly and
disassembly events were both taking place, while keeping a net
positive growth rate. Moreover, a fluctuation in perimeter
(Figure S4C, red dots-green trace) also indicates, as the lattice
expands further, that a spontaneous rearrangement in the
lattice circumference takes place. This kind of growth allowed
any particular protein patch to grow along any direction and to
efficiently cover the underlying substrate (Movie 2 and Figure
2A).

Individual patches sometimes merged together, while others
were not merged (Figure 2E) even after incubation times of up
to 3 h. Closer inspection suggests that neighboring lattice
patches with the same orientation tend to merge together
(Figure 2E), while lattice patches with substantially different
orientations may not be merged, leading to “defects” in the
coverage of the substrate between merged lattice patches. It
was also found that the number of defects increased with
increasing total [CA] until it reached a saturation point at the
highest tested [CA] (Figure 2F).

Visualization in Real Time by HS-AFM of Multiple
Pathways for Building New Hexamers during Stochas-
tic Growth of an HIV Capsid-Based Protein Lattice. In
order to reveal individual transient intermediates and reaction
pathways for assembly of the viral capsid protein lattice, the
dynamics of single protein molecules during growth of the CA
lattice was visualized by HS-AFM. Detailed analysis of the
high-resolution videos revealed the successive association to
growing capsid protein lattice patches of individual small-sized
molecular components (such as CA monomers or dimers)
interspersed with temporary dissociation of other individual
components (Movies 3 and 4, Figures 3 and S5).

Movie 3 and Figure 3A exemplify the gradual assembly of a
new hexamer at the capsid protein lattice edge. Here single CA
subunits associate in a clockwise manner around the hexamer
6-fold symmetry axis. At 0.5 s, an empty space can be observed
where the new hexamer will be assembled. Three CA subunits
were first bound at the lattice edge in this location (image at
1.5 s); then a single CA subunit was removed (5.5 s); and
another CA subunit was added later (6.5 s), followed by a
fourth (7.5 s), a fifth (10.5 s), and a sixth subunit (11.5 s).

Lattice growth that included dynamic rearrangements of
capsid protein lattice components was also observed. Movie 4
and Figure 3B show the way in which three new hexamers
were gradually assembled at the edge of the capsid protein
lattice. Two of these hexamers assembled only after the CA

https://dx.doi.org/10.1021/acsnano.0c03207
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Figure 3. Dynamics of self-assembly of the HIV capsid protein
lattice visualized by HS-AFM. Representative frames from Movie 3
(A) or Movie 4 (B) (rate 2 fps) are shown. In (A) a white hexagon
marks the position where a hexamer at the edge of the growing
capsid protein lattice will be gradually assembled from CA
monomers, dimers, or smaller oligomers (see text and Movie 3).
[CA] = 20 uM. In (B) three white hexagons (numbered 1, 2, and
3) are used to denote locations at the edge of the capsid protein
lattice where individual hexamers are being gradually assembled
and/or disassembled through different pathways. Color coding of
those numbers (1, 2, and 3) in each frame denotes association
events (green number), a dissociation event (red number), or no
event (white number) taking place at the labeled location (white
hexagon) in each defined time step (video frame) (see text and
Movie 4). Scale bar (white line in panel B, first frame) is 10 nm.
The same scale was used in both panels (A and B).

subunits corresponding to one partially formed hexamer and
another fully formed hexamer pre-existent at these same
positions dissociated from the lattice.

In other experiments, the balance between assembly and
disassembly events was altered in order to favor the net
disassembly of a previously assembled capsid protein lattice.
This bias toward disassembly can be achieved by a
combination of two factors: limited amounts of free CA
protein and deliberately elevated imaging forces on the
assembled lattice. The experiments revealed that hexamers
were gradually removed from the lattice edge by stepwise
dissociation of single CA monomers or small CA oligomers
(Movie S and Figure S6A). Occasionally, transient clusters of
hexamer-sized oligomers were observed that eventually
dissociated into free hexamer-sized oligomers that could be
followed for relatively long times. These hexamer-sized
oligomers had the capacity to bind again to the lattice edge.
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For instance, a free hexamer-sized oligomer remained visible
for at least ~25 s before it reassociated with the protein lattice
(Movie 6 and Figure S6B). These observations show that, in
addition to CA monomers or smaller oligomers, integral CA
hexamers or trimers of CA dimers can be added to or removed
from the capsid protein lattice as integral components.
Representative trajectories leading to assembly of individual
hexamers at either 10 uM or 20 uM total [CA] are compared
in Figure 4A. In every case, CA subunits were incorporated
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Figure 4. Stochastic pathways for the formation of individual
hexamers during self-assembly of the HIV capsid protein lattice.
(A) Representative assembly pathways of 4 individual hexamers, at
10 #M total [CA] (green/blue dots and dashed traces) and at 20
H#M (red/gray dots and solid traces). Insets showing examples of
images depicting the number of monomers in an incomplete
hexamer next to a complete hexamer. (B) and (C) Number of
frames in which a given number of CA monomers are added to
(positive values) or removed from (negative values) an assembling
hexamer in the capsid protein lattice. Total [CA] was 20 uM (B) or
10 pM (C), and assembly of 15 (B) or 11 (C) hexamers was
monitored. (D) Relative frequency with which different numbers
of monomers (1 to 6) were added to the lattice in single time
steps, either during the initial growth (black bars) or at a late stage
with the surface nearly fully covered (gray bars).

into the growing hexamer in a stochastic process in which both
association and dissociation events, separated by variable
intervals, were observed (Figure 4A). Trajectory analysis was
used to determine the number of CA subunits added in each
time step (typically 0.5 s) during the gradual formation of new
hexamers at the edge of the capsid protein lattice. A variety of
different trajectories were observed when individual cases were
examined, and differences were also detected when different
total [CA] were used (Figure 4). At 20 M, in each time step
the binding of 0, 1, 2, or 3 subunits was observed (Figure 4B).
At 10 uM, the binding of 0, 1, or 2 (but not 3) subunits was
observed (Figure 4C). Irrespective of the protein concen-
tration used, in most time steps the hexamer being formed
remained in a resting state with no subunits added or removed
(Figure 4B,C).

Analysis of the relative frequencies with which a different
number of subunits were added to a growing hexamer at the
lattice edge per time step revealed that during early growth of
capsid protein lattice patches addition of two subunits was
more probable than addition of only one subunit (Figure 4D,
black bars); while at later stages of lattice growth, closer to

https://dx.doi.org/10.1021/acsnano.0c03207
ACS Nano 2020, 14, 8724-8734


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_006.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_007.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_004.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_005.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_004.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03207/suppl_file/nn0c03207_si_005.avi
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03207?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c03207?ref=pdf

ACS Nano

www.acsnano.org

reaching equilibrium between association and dissociation
events (Figure S7), addition of one subunit only was more
probable than addition of two subunits (Figure 4D, white
bars). The average time for assembly of a new single hexamer
at the lattice edge (Figure 4A) was also dependent on the
progress of the assembly reaction (Figure 4D) and the
remaining available accessible area. To sum up, templated
growth of the HIV capsid protein lattice proceeded by the
random, stepwise addition to the lattice edge of CA monomers
or small oligomers, interspersed with dissociation of some of
these elements in a reversible, stochastic process.

Experimental Evidence Directly Reveals That the
Dynamics of Supramolecular Self-Assembly of a Viral
Protein Lattice Resembles That of Jigsaw Puzzle-
Building. Both theoretical models and simulations and
experimental studies have revealed that self-assembly of both
helical and icosahedral virus capsids can be generally described
as a reversible nucleation and growth process.*”'*?%0>*
Nucleation and growth is also a feature of mature HIV CA
assembly into a cap51d -like hexagonal lattice as indicated by (i)
a kinetic model®® and CG simulations®*™"° and (ii) in vitro
kinetics of CA self-assembly, either in 3D as hollow tubes in
solution®”®” or in 2D as a flat layer on a template.’”*> This
latter assembly system was used here to visualize in real time
by HS-AFM highly transient association and dissociation
events involving individual molecules during nucleation and
growth of a virus-based protein lattice. The results can be
integrated into an empirical model at the single molecule level
that is discussed next.

At the total [CA] used here (<20 yM), and considering the
dissociation constant of the CA dimer—monomer equilibrium
under similar conditions (~18 uM),”" we expect to have both
monomers and dimers in solution where CA monomers will be
more abundant than dimers. Both the monomers and the
dimers can adsorb onto the mica substrate, partly based on
electrostatic interactions between the negatively charged
substrate and the positively charged CA-CTDs. The limited
substrate surface area available for adsorption of the many free
CA molecules present in solution eventually leads to crowded
conditions on the substrate. Both CA adsorption and surface
crowding likely promote, even at low total [CA] and
physiological ionic strength, the observed efficient nucleation
and growth of the CA lattice.

Once immobilized, early formed small oligomers can act as
transient assembly nuclei as predicted by CG simulations.*®~"°
The very high density of free CA molecules at the beginning of
the reaction did not allow the unambiguous identification of
the quaternary structure of those transient oligomers.
However, their size (width and height) is compatible with
those of a hexamer of CA monomers or a trimer of CA
dimers.””

High-resolution HS-AFM imaging was possible when several
independent CA lattice patches were already growing from
oligomeric nuclei. Key observations during capsid protein
lattice growth are as follows: (i) both incomplete and complete
hexamers lining the patches were clearly visualized; (ii) within
individual time steps one to four CA molecules became bound
(either separately or together as a small oligomer) to adjacent
positions at the edge of a CA patch; (iii) in some instances CA
molecules bound a still incomplete hexamer, contributing to its
completion (e.g, Figure 3B at 13 s); (iv) on other occasions
the incoming CA molecules became associated with a
complete hexamer, starting the growth of a new hexamer at
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the lattice edge (e.g., Figure 3A at 1.5 s); (v) rarely, a hexamer-
sized oligomer was seen binding to the edge of a CA patch
(Figure S6B); vi) occasionally unbinding of one or several CA
molecules (from monomers to hexamer-sized oligomers) was
detected, even under conditions leading to net growth of the
lattice (e.g, Figure 3B); and vii) the probability of addition of
CA monomers instead of oligomers appears to increase at later
times (Figure 4D).

The above key observations are consistent with a model for
reversible growth of the CA lattice from nucleated patches
through a succession of stochastic binding and unbinding
events (Figures 3 and S). Many of these events involve either
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Figure 5. Stochastic, parallel pathways during assembly or
disassembly of the HIV capsid protein lattice. (A) Schematic
representation of different assembly or disassembly trajectories
that single CA hexamers may follow during the net growth of the
capsid protein lattice. For each step in the assembly reaction, CA
monomers that are part of the assembled lattice are depicted in
dark red; CA monomers newly bound to the edge of the lattice are
shown in a lighter red hue. Red dotted lines indicate the positions
of partially formed hexamers to which new CA monomers are
added. CA monomers that dissociate from the Ilattice are
represented as black dotted lines marking the original position
of the unbound monomer. (B) Representation of some of the
many alternative pathways during the gradual assembly (left to
right arrows) of different, individual hexamers from free CA
monomers or small CA oligomers that are gradually bound to the
edge of the capsid protein lattice. As the process is fully reversible,
the same alternative pathways may occur during the gradual
disassembly of the capsid protein lattice (right to left arrows).

CA monomers or, less frequently, stable dimers (in which
monomers are bound through their CTDs). Both CA
monomers and dimers can bind through NTD-NTD/NTD-
CTD interactions to incomplete hexamers at the edge of a
growing lattice patch. In addition, CA monomers (but not
dimers) can bind through CTD-CTD interactions to already
completed hexamers at the lattice edge. In some instances,
binding or unbinding events can involve larger, transient
oligomers such as trimers of CA dimers or CA hexamers or
even “incomplete hexamers” (ie, CA dimers, trimers or
tetramers). In free hexamers, monomers are associated through
very weak NTD-NTD/NTD-CTD interactions only, which
suggest they should be highly unstable. Despite this instability,
its transient formation could be facilitated by condensation on
the substrate. A few of these oligomers would become
stabilized by binding to the edge of a CA patch nearby.
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Instead of preformed incomplete hexamers, several in-
dependent CA monomers could be bound in rapid succession
to adjacent positions at the lattice edge within the temporal
resolution limit (0.5 s) achieved when imaging the growing CA
lattice at high spatial resolution. However, frequent independ-
ent binding of 2—4 monomers at adjacent positions in such a
short time seems unlikely, as there are many positions where
monomers can bind and the average time between observed
binding events was much longer than 0.5 s. On the other hand,
this possibility cannot be ruled out as allosteric effects may, in
principle, occur’” (i.e,, binding of a CA monomer to the lattice
edge could favor, through some conformational rearrangement,
the binding of another monomer next to it).

Two versions for lattice growth can be considered at this
point, depending on the quaternary structure of the assembly
nuclei. In the first version, nuclei are rather unstable CA
hexamers, in which the CTDs are not bound to other CTDs.
CA monomers but not dimers could bind those nuclei through
CTD-CTD interactions. In the second version, nuclei are
trimers of CA dimers, in which each CTD is bound to another
CTD. Both CA monomers and dimers could bind those nuclei
through NTD-NTD/NTD-CTD interactions.

The available evidence suggests that the first version
(hexameric nuclei), though not unfeasible, is less likely than
the second version (trimer-of-dimers nuclei) because of the
following reasons: (i) Free hexamers in solution were not
observed when a CA mutant that is unable to dimerize through
its CTD was analyzed, even at very high ionic strength or
under macromolecular crowding conditions that promote CA
polymerization: a dimerization-competent CTD appears to be
required for CA hexamerization in solution through their
NTDs.”® (i) A kinetic model® and CG simulations®®~"° favor
the existence of trimers of dimers over hexamers in solution
and the role of the former as transient assembly nuclei. (iii)
Formation and growth of a hexameric nucleus depend, in
principle, on the availability of free CA monomers; in contrast,
formation and growth of a trimer-of-dimers nucleus can be
directly achieved from either CA monomers or dimers. In the
conditions we used, free CA monomers must abound, but they
are very scarce at the higher [CA] used in most studies of HIV
capsid assembly in solution in vitro or in silico or present in the
virion.

The above empirical model includes many features of
surface growth, in general, and is consistent with key
predictions of theoretical models and CG simulations and
experimental studies of viral capsid self-assembly using mainly
averaging techniques. Those features include reversibility and
nucleation™*~'***** and also multinucleation.”® The exper-
imental results obtained also verify several key predictions of
CG simulations of mature HIV capsid assembly in
particular.”””° The combination of high spatial and temporal
resolution provided by HS-AFM confirmed such features at the
single-molecule level. In addition, the HS-AFM-based visual-
ization of self-assembly of a 2D protein lattice from its
elementary building block (the viral CA protein) has also
experimentally revealed details of a very complex, chaotic
process.

The dynamics of this process resembles how a jigsaw puzzle
is built. The reaction does not proceed from a single nucleus to
which building blocks of a single type are successively added in
monotonous succession. As when assembling a jigsaw puzzle,
the 2D protein lattice is randomly built; several lattice patches
are independently built from separate nucleation events;

8730

individual pieces of the puzzle may follow very different
paths during the process; some pieces are added individually to
the patches, but some others may be bound together before
joining a lattice patch; the times between addition of successive
pieces can be quite variable; some pieces are occasionally
removed from the growing patches (either individually or in
small clusters); there is the possibility that joining one piece
may facilitate the rapid joining of more pieces at adjacent
positions; and the patches are eventually reoriented and
merged with each other. The observations do not rule out the
possibility that some pathways could be favored to some extent
resulting in a very complex funnel-shaped energy landscape.
For example, the successive addition of CA subunits to form a
new hexamer at the lattice edge seems dependent on the stage
of assembly (Figure 4D). The observations of this study also
provide empirical clues to develop and/or verify further
precise, quantitative models and simulations of self-assembly of
viral and nonviral protein lattices.

Insights into Early Capsid Assembly Steps within the
Maturing HIV Virion. In this study we have used a simple
model to follow the trajectories of individual protein
molecules, while they build a 2D protein network, thus
providing a single-molecule (nonaveraged) description of a
supramolecular self-assembly process at high temporal
resolution. In addition, these observations may provide some
specific insights into the early steps of HIV capsid maturation,
before later events such as the insertion of pentameric defects
and capsid closure take place.”

Maturation of the HIV virion is still a poorly understood
process.”” There are indications that it follows a mechanism in
which, after proteolysis of the Gag polyprotein, the Gag-based
immature capsid is fully disassembled, and the mature capsid is
built from free CA building blocks.”> On the other hand, there
is also data fitting with an alternative mechanism involving a
phase transition between the Gag-based immature capsid and
the CA-based mature capsid.”> If the immature capsid is not
fully disassembled (producing free CA dimers only), rate-
limiting nucleation to start mature capsid growth may not
occur in the HIV virion. Irrespective of whether CA nuclei are
formed at the onset of HIV maturation, our model for 2D
lattice growth also describes some key features of 3D capsid
formation in the maturing virion. In spite of quantitative
differences between 2D and 3D assembly and other
complications, it must be reminded that the information
needed to build a viral capsid is entirely contained in the
structure of its capsid building blocks. In agreement with this
fundamental concept, capsid-like particles formed in vitro from
CA alone can be virtually indistinguishable from authentic
mature HIV capsids.”*>* Based on those considerations, capsid
assembly in the maturing HIV could be expected to involve the
growth of multiple CA patches through addition of individual
CA monomers and small oligomers through many different,
stochastic pathways.

Quantitative differences between in vitro and in vivo growth
are certainly expected. In particular, the effective CA
concentration in the virion is much higher than the highest
concentrations that could be used in the HS-AFM experi-
ments. In addition, several aspects of 3D growth of the capsid
in the maturing virion are absent during 2D growth on a planar
template: (i) the intrinsic curvature of the CA lattice observed
in solution; (ii) the curvature induced by a 3D template (the
negatively charged RNP core) instead of a flat 2D template
(the negatively charged mica substrate); and (iii) the insertion
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of pentameric “defects” at defined positions that allows capsid
closure and define capsid shape. Regarding intrinsic curvature,
assembly of a viral capsid protein into a flat hexagonal lattice
could result in accumulation of elastic stress from curvature
mismatch, affecting the kinetics of the reaction.”* It may also
have an effect on the average size of the patches being formed,
even though for low concentrations of CA we found relatively
large patch sizes suggesting that curvature mismatch could be
counteracted by the mica substrate (Figure 2). Observation by
HS-AFM of CA self-assembly on a curved surface will likely
provide clues on the effect of the intrinsic curvature of a viral
capsid protein lattice on the self-assembly reaction. It may also
enable single-molecule studies on the insertion of pentameric
“defects” on a curved hexagonal lattice.

To what extent capsid assembly in the maturing HIV virion
is templated by the RNP core is unclear. It has been shown
that the RNP is not strictly required for mature HIV capsid
assembly.”> However, in the absence of the RNA-binding
nucleocapsid protein, only some virions showed a normal
morphology and contained a closed conical capsid.”
Accordingly, in in vitro studies where no template was present,
capsid assembly required nonphysiological ionic strength®
unless crowding agents were added,”” and open-end tubes
were, in general, largely dominant over cone-shaped capsid-like
particles.sg’60 Thus, although the CA protein contains the
information needed for capsid formation, the RNP core may
act as a template for promoting the efficient assembly of the
CA capsid in the maturing HIV virion.

Our approach to visualize the first steps of mature HIV
capsid formation through assembly of a regular protein lattice,
unlike other experimental’”®” or theoretical®™"? approaches,
has included an assembly template, the mica surface. The
negative charge density of this template qualitatively mimics
the negative charge of the nucleoprotein complex inside the
virion. We have shown that during templated assembly of the
CA lattice several oligomeric nuclei were formed, which
diffused over the surface, became immobilized, and started to
grow into independent patches. In addition, it was shown that
the number of nuclei per unit area increased with total [CA]
and that the time required for merging two growing patches
was dependent on the relative orientation of their protein
lattices. Given the very high effective [CA] inside the maturing
virion, the formation of not one but several CA oligomeric
nuclei inside the virion is a possibility to be considered. Some
of those nuclei could grow into small CA patches that would
never merge with other patches due to wrong orientation and/
or depletion of available CA subunits in the virion. These small
CA oligomeric patches together with free CA subunits could
account for the large fraction (roughly 50%) of CA molecules
inside the maturing virion that are not incorporated into the
mature capsid. Moreover, the capsid itself could be built from
more than one nucleation point moving on the RNP surface.
These nuclei would give rise to a few independent CA lattice
patches that would curve over the RNP template. These
patches would eventually merge into a complete, closed capsid
after their lattices are geometrically matched through diffusion,
additional subunits are bound at the interfaces between them,
and CA pentameric “defects” are included. This possibility
requires experimental verification. However, the observation
that in some HIV virions two mature capsids are formed that
could grow from different nuclei is consistent with this
proposal.
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CONCLUSIONS

The minimalist HIV capsid-based system analyzed here was
used as a model to experimentally unveil, in real time, possible
pathways followed by single molecules during nucleation and
subsequent growth of a protein-based supramolecular lattice.
The results provide a detailed view on the dynamics of a
supramolecular self-assembly process at the single molecule
level. The presented real-time imaging of single molecules
reversibly binding to the growing lattice provides direct
evidence for stochastic pathways during assembly. The findings
relate to the first steps of templated capsid assembly in the
maturing HIV virion and provide insights that could support
the development of molecular therapeutics and the bottom-up
design and fabrication of nanodevices and nanomaterials.

METHODS

Protein Expression and Purification. Capsid protein CA of
HIV type 1 (strain BH10) was expressed in E. coli BL21(DE3) cells
that had been transfected with a recombinant plasmid pET21b(+)
containing the full-length CA-coding sequence and purified following
a previously described procedure.” Briefly, cell cultures were grown at
37 °C, and protein expression was induced by 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/S mM f-mercaptoethanol at pH 8 and lysed by sonication.
After centrifugation, CA protein in the soluble fraction was purified to
near homogeneity by ammonium sulfate fractionation, ion-exchange
chromatography in SP-Sepharose, and size-exclusion chromatography
in Superdex 75 (all media from Amersham Biotech). The solution of
purified CA thus obtained was thoroughly dialyzed against phosphate
buffered saline (PBS) and stored at —80 °C until use. Concentration
and purity of CA protein stocks were respectively assessed by UV-
spectrophotometry and polyacrylamide gel electrophoresis.

HS-AFM Imaging of HIV Capsid Protein Lattice Self-
Assembly. The AFM images were acquired in amplitude modulation
tapping mode in liquid using a high-speed atomic force microscope
(RIBM, Japan). Short cantilevers (~7 um) with a nominal spring
constant of 0.15 N/m were used (USC-F1.2-k0.15, NanoWorld,
Switzerland). The applied imaging forces were reduced by using a
small set-point amplitude of 0.8 nm (for a 1 nm free amplitude) and
constantly controlling the feedback parameters during imaging.

Assembly of the HIV capsid protein lattice from free CA molecules
in phosphate-buffered saline (PBS) to approximate physiological
conditions of pH and ionic strength was performed on a freshly
cleaved mica substrate under the AFM microscope. Imaging was
started on the mica surface in PBS. Next, a concentrated CA solution
was added to reach the desired final protein concentration in the AFM
liquid chamber. The protein solution was gently pipetted using a
volume that was less than 10% of the total volume of liquid in the
AFM chamber (~100 pL). The assembly reaction was triggered by
the presence of the negatively charged mica substrate.’’ Total [CA]
did not exceed 20 yM because higher concentrations prevented high-
resolution HS-AFM imaging. Images were primarily processed using
built-in scripts (RIBM, Japan) in Igor Pro (Wavemetrics, Lake
Oswego, OR, USA) and analyzed using Image]J software. The images/
movies were corrected minimally for tilt, drift, and contrast. Unless
otherwise mentioned, the times reported in AFM/images/videos are
relative. Imaging was disrupted during the initial addition and mixing
of the proteins, which typically took ~10 s. This time was relatively
small compared to the time needed for the CA molecules to reach the
surface by diffusion and become adsorbed.
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crowding and CA protein oligomerization on substrate;
Figure S3, isotropic diffusion of CA protein oligomers
prior to immobilization on substrate; Figure S4, surface
growth of capsid protein patches; Figure S5, growth
dynamics of individual CA hexamers at edge of capsid
protein patch; Figure S6, force-induced disassembly of
capsid protein patch; and Figure S7, differences between
individual association and dissociation events at early or
late stages during assembly of capsid protein lattice
(PDF)

Movie 1, fluctuations in position of individual CA
subunits in capsid protein lattice imaged by HS-AFM
(AVI)

Movie 2, nucleation and fusion of capsid protein patches
(AVI)

Movie 3, gradual assembly of CA hexamer at edge of
capsid protein patch (AVI)

Movie 4, association and/or dissociation events at edge
of capsid protein patch (AVI)

Movie S, disassembly of CA hexamers at edge of capsid
protein patch (AVI)

Movie 6, dissociation of hexamer-sized CA subunits
followed by binding to nearby protein patch (AVI)
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