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Virus self-assembly proceeds through contact-rich

energy minima

Pedro Buzén', Sourav Maity', Panagiotis Christodoulis', Monique J. Wiertsema®,
Steven Dunkelbarger?, Christine Kim?, Gijs J.L. Wuite?, Adam Zlotnick? Wouter H. Roos'*

Self-assembly of supramolecular complexes such as viral capsids occurs prominently in nature. Nonetheless, the
mechanisms underlying these processes remain poorly understood. Here, we uncover the assembly pathway of
hepatitis B virus (HBV), applying fluorescence optical tweezers and high-speed atomic force microscopy. This
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allows tracking the assembly process in real time with single-molecule resolution. Our results identify a specific,
contact-rich pentameric arrangement of HBV capsid proteins as a key on-path assembly intermediate and reveal
the energy balance of the self-assembly process. Real-time nucleic acid packaging experiments show that a free
energy change of ~1.4 kgT per condensed nucleotide is used to drive protein oligomerization. The finding that
HBV assembly occurs via contact-rich energy minima has implications for our understanding of the assembly
of HBV and other viruses and also for the development of new antiviral strategies and the rational design of

self-assembling nanomaterials.

INTRODUCTION

A pronounced feature of some of the most fundamental cellular
processes is the self-assembly of supramolecular complexes (1).
Viruses use this strategy to spread through their hosts, i.e., by forming
new viral particles. Virus self-assembly is an orchestrated process,
in which the formation of the protective protein shell (the capsid)
and the encapsidation of the viral genome can occur concomitantly.
The self-assembly reaction is driven by interactions between capsid
proteins and often with the viral genome. The energetics of these
interactions must be finely tuned to avoid trapping defects. Although
capsid formation is a crucial step to ensure infectivity and viral
propagation, the mechanisms underlying this process still remain
poorly understood, particularly in the presence of nucleic acid and
at the molecular level (2-5). The experimental challenges associated
with the characterization of the viral assembly process reside in the
heterogeneity generated in the system, including the conformational
plasticity that viral proteins exhibit during oligomerization (6) and
their interaction with the genome (7). In addition to the clear impli-
cations in the development of new antiviral strategies, the molecular
mechanisms of assembly are of growing interest in biomedicine and
(bio)nanotechnology (8, 9).

In this context, hepatitis B virus (HBV) has emerged as a model
system to study capsid assembly. HBV forms T = 4 icosahedral capsids
as the major product of in vivo assembly (10, 11), under conditions
that can be reproduced in vitro (12, 13). HBV T = 4 capsids are
formed by 120 core protein (Cp) homodimers; each Cp consists of
an assembly domain (residues 1 to 149) and a C-terminal domain
(CTD; residues 150 to 183), an intrinsically disordered region of
34 amino acids (Fig. 1, A and B). The assembly domain is necessary
and sufficient for the assembly of empty capsids, which are indistin-
guishable from the nucleic acid-filled ones (14). The CTD is not
necessary for capsid assembly, but its basic nature (provided by
16 arginines) facilitates the interaction of the protein with nucleic
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acid and is essential for the formation of genome-containing capsids
(15). In vivo, HBV Cp either forms empty capsids or encapsidates
an mRNA transcript of the viral genome [pregenomic RNA (pgRNA)]
and a copy of viral reverse transcriptase; the pgRNA is reverse tran-
scribed to a circular double-stranded DNA (dsDNA) within the
capsid (16, 17).

HBYV capsid assembly is assumed to start with the formation of a
nucleus (18), which then evolves into a complete capsid (Fig. 1C) by
the addition of Cp dimers (13). The formation of assembly nuclei is
expected to be a relatively rare event. In addition, small capsid inter-
mediates are thought to be transient (19, 20). Thus, while bulk
methods have been instrumental to study the thermodynamics of
assembly, its kinetics has largely remained elusive. Only recently, it
has become possible to study the dynamics of viral self-assembly at
the single-particle level (21-25). Here, we use a combination of
optical tweezers (OT) with confocal fluorescence microscopy (CFM)
and high-speed atomic force microscopy (HS-AFM) to follow the
assembly of HBV Cp in real time. Our approach allows tracking the
elusive first steps of assembly with high temporal resolution and
single-molecule sensitivity, thereby revealing how on-path inter-
mediates follow contact-rich energy minima during nucleation and
growth in the HBV assembly pathway.

RESULTS

Capsid assembly occurs through the active packaging

of nucleic acids

The assembly of Cp around single-stranded DNA (ssDNA) was
followed in real time by OT isotensional experiments. Although
in vivo Cp assembly occurs around the ssRNA HBV pregenome, it has
been shown that in vitro Cp assembles on ssDNA, as well as ssRNA
of heterologous sequences, with similar levels of cooperativity
and producing viral particles that are indistinguishable from the
pregenome-filled ones (13, 26). Although both ssDNA and ssRNA
have comparable physical chemical properties, including a similar
persistence length, ssDNA presents higher chemical stability. In
addition to that, we have chosen to work with heterologous sequences
of ssDNA to avoid the high degree of branching found in viral ssRNA
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Fig. 1. Real-time nucleic acid packaging by the HBV capsid protein (Cp). (A) Structure of the assembly domain of a Cp dimer (orange) in the context of a capsid with
the residue Y132 highlighted in purple [Protein Data Bank (PDB) 2G33 (39)]. (B) Scheme of the primary structure of Cp, including the sequence of the C-terminal domain
(CTD). (€) Surface representation of the T=4 HBV capsid [PDB 2G33 (39)], where A-B dimers conform the fivefold symmetry axes (orange) and C-D dimers localize around
the threefold symmetry axes (green). (D) lllustrative cartoon of an OT isotensional experiment showing ssDNA packaging by Cp dimers (orange) upon binding. (E) Repre-
sentative real-time assembly trace obtained by an OT isotensional experiment. A single molecule of ssDNA (pKYB1) is held at constant force of 11 pN in the presence of
Cp dimers, kept in solution, while monitoring the overall change in the apparent contour length (AL¥) over time (gray). The fit to the step-finding algorithm is shown in
solid orange line. The inset highlights a period of 8 s, at the center of the trace, showing fast Cp packaging. (F) Step size distribution in number of nucleotides obtained
from the analysis of the real-time assembly traces by the step-finding algorithm (N =287 steps). Orange line represents the fit to a double Gaussian (xc;=-70+2 nt;

XCp =64 +4nt).

genomes (27), under conditions that successfully produce virus-like
particles in vitro (26).

Molecules of ssDNA were held at constant tension in the pres-
ence of purified Cp dimers under assembly conditions (see Fig. 1D
and Materials and Methods). Under such conditions, capsid assembly
is followed by monitoring the changes in the apparent DNA contour
length (ALEF) (Fig. 1, D and E). A representative packaging trace
(Fig. 1E) shows a net decrease in L equivalent to approximately
1000 bases over roughly 3 min, indicating the active packaging of
ssDNA by Cp dimers. The net number of packed nucleotides mea-
sured over time was found to be heterogeneous, as expected, due
to the stochastic nature of the self-assembly process. In particular,
Fig. 1E shows that the process may combine long periods of inactivity
(from 20 to 80 s) with others of high cooperativity (from 88 to 96 s).
Despite the heterogeneity of the packaging traces, most of them
showed that packaging occurs through sequential assembly and dis-
assembly steps, highlighting the reversibility of the process. As a
control, when the experiments were performed with an assembly-
incompetent version of Cp, the mutant Cp-Y132A (28), no packaging
events were found.

The step sizes were extracted from the packaging traces by a
custom-written step-finding algorithm (see Fig. 1E and Materials
and Methods). Figure 1F shows the step size distribution of all mea-
sured assembly/disassembly steps (N = 287 steps, from 24 traces).
Two populations emerged at approximately —70 bases (assembly)

Buzén et al., Sci. Adv. 7, eabg0811 (2021) 3 November 2021

and +64 bases (disassembly) (Fig. 1F). This indicates that Cp presents
a most preferred assembly configuration, the assembly footprint,
which results in the packaging of ~70 nucleotides (nt) (~37 nm, using
a 0.53-nm nucleotide spacing as described in Materials and Methods).
These experiments reveal that Cp is able to condense nucleic acids,
even when the genome is under tension. The work per condensa-
tion step can be estimated (29) at F§ = 100 + 4 kg T, with the external
conservative force F (11 pN), step size 3, Boltzmann constant kg, and
temperature T. We note that this condensation step corresponds
to ~1.4 kpT/nt, which is substantially smaller than the value reported
for the adenosine triphosphate-dependent packaging motor of
phage 929 [4.8 kgT per base pair (bp) (30)]. Nevertheless, a conden-
sation step of ~100 kgT suggests that the participation of multiple
Cp dimers is required to achieve such free energy gains.

Cp exhibits nucleic acid folding capabilities

Cp is known to bind to dsDNA, although the formation of closed
capsids is inhibited due to stiffness of the dsDNA (26). To test whether
Cp has the ability to generate and stabilize dsDNA regions during
packaging, the DNA intercalating dye SYTOX Orange was added to
the self-assembly experiments. SYTOX intercalates between dsDNA
base pairs, giving a substantial increase in fluorescence signal (fig.
S1) and does not bind to ssDNA. Here, we used SYTOX to detect
and localize dsDNA regions on ssDNA molecules that were previ-
ously incubated with Cp dimers (Fig. 2A). All ssDNA molecules

20f10

T20Z '60 JBQUSAON UO 1B)SBAIINSY (1 JBP %88U1011q1g Te 510°90US 105" MAM//SANY WOJ papeo|umod



SCIENCE ADVANCES | RESEARCH ARTICLE

’ ok

A A

B § n
= _|
c )
[72]
D 25
=
T 20-
g
151
% 10;
o 51 H
- 0 Hﬂﬁﬂl_lﬁ| -
0 5 10 15

# SYTOX/dsDNA structure

Fig. 2. DNA compaction facilitated by Cp nucleic acid folding function.
(A) lllustrative cartoon in which a complex Cp-ssDNA is held in the presence of
SYTOX. Cp dimers (orange) bound to ssDNA facilitate DNA folding, allowing SYTOX
(green ellipsoids) to bind. (B) Fluorescence microscopy image of a Cp-ssDNA complex
in the presence of 250 nM SYTOX. Molecules of ssDNA (A DNA) were first incubated
with Cp from 30 s to 2 min and then moved to a SYTOX solution to image the complex
by CFM. The image shows SYTOX signal localized on the DNA molecule, indicative
of the presence of DNA base pairing. (C) Kymograph of the same complex shown
in (B) stretched at 50 pN. The fluorescence signal remains static, showing the
dynamic binding-unbinding of SYTOX to the stabilized dsDNA regions. (D) Histogram
of the mean number of SYTOX molecules bound per dsDNA structure (N=67) over
time, obtained from kymographs in which DNA molecules were stretched at >30 pN
and measured for 30 s (see fig. S1).

were stretched with a force of at least 30 pN to confirm the formation
of stable dsDNA regions. In a typical CFM image of a Cp-ssDNA
complex stained with SYTOX, several fluorescent spots can be seen
between the beads (Fig. 2B), revealing the presence of DNA base
stacking and indicating the formation of dsDNA structures stabilized
by Cp on the ssDNA molecule. Fluorescence spots were observed at
different locations in different DNA molecules, suggesting that the
Cp stabilizes hairpins and/or other dsDNA structures randomly,
i.e., non-sequence specific. No signal was detected when ssDNA
molecules were not previously incubated with Cp.

The kymograph presented in Fig. 2C shows that the positions of
the dsDNA structures are stable over time. By calibrating the bright-
ness of individual SYTOX molecules (fig. S1), the mean number of
SYTOX molecules bound to each dsDNA structure over time can be
estimated (Fig. 2D and fig. S1). A correlated force-fluorescence ex-
periment (fig. S2) shows DNA packaging and simultaneous forma-
tion of a dsDNA structure in real time. However, these correlated
events were rare, as most packaging events did not exhibit fluores-
cence signal, indicating that DNA packaging does not necessarily
involve base pairing. It has been shown by electron microscopy re-
construction of pregenome-filled HBV capsids that single-stranded

Buzén et al., Sci. Adv. 7, eabg0811 (2021) 3 November 2021

and double-stranded nucleic acid regions are present inside complete
capsids (31). Our results show that Cp has the capability to chaperone
the formation of dsDNA.

Free energy balance between Cp-Cp and

Cp-DNA interactions

To determine the minimal oligomeric arrangement of Cp dimers
that is able to condense and fold nucleic acids, Cp-ssDNA interac-
tions were further characterized by applying a single-molecule force
spectroscopy approach using OT (fig. S3). Briefly, a single molecule
of ssDNA tethered between two beads is sequentially stretched and
relaxed in a Cp dimer solution (Fig. 3A). Figure 3B shows three rep-
resentative force-extension curves (FECs) of ssDNA molecules in
the absence of protein (bare ssDNA) and at two different Cp con-
centrations. A change in protein concentration clearly changes the
shape of the curves (Fig. 3B). This behavior indicates that changes
in the mechanical properties of DNA are taking place upon Cp
binding. Quantitative information on DNA mechanics was extracted
from FECs by applying the extensible freely jointed chain (eFJC)
model (Fig. 3B and fig. $3). The eFJC analysis revealed that both
Cp-ssDNA and Cp-Y132A-ssDNA complexes are stiffer than
bare ssDNA; specifically, Fig. 3C shows that persistence length
(Lp) increases in a saturable concentration-dependent manner
(tables S1 and S2).

The ssDNA saturation curves for both Cp and Cp-Y132A (Fig. 3C)
were analyzed using the McGhee-von Hippel (MGvH) model (32).
Figure 3C shows the best global fit to both Cp and Cp-Y132A curves,
and Table 1 lists the fitting parameters and the derived thermo-
dynamic parameters obtained from the analysis. Note that the fitting
was performed assuming that Cp and Cp-Y132A share the same
intrinsic dissociation constant for the binding of one dimer for DNA
(Kp,int), which was kept as shared parameter during the global fit.
This seems justified because the residue Y132 is not located in the
CTD (Fig. 1, A and B), and the mutation Y132A should not affect
the intrinsic affinity of the protein for DNA. We fixed the MGvH
parameter for the binding footprint (#) to 30 nt, as previously esti-
mated (26). We note that using 20 < n < 40 does not change the
quality of the fit and barely changes the extracted thermodynamic
parameters (table S3).

The binding parameters reveal that both Cp and Cp-Y132A bind to
ssDNA with very similar affinity, Kp =~ 100 nM and AG"bmd ~-16kgT
(Table 1). These results primarily show that single-molecule force
spectroscopy experiments in combination with the MGvH model
can be used to decouple Cp binding to nucleic acids from the global
assembly process, as Cp-Y132A is not able to assemble into capsids
(28) or perform DNA packaging under our experimental conditions.
A closer look at Table 1 shows that both Cp and Cp-Y132A bind to
ssDNA with high levels of cooperativity ® (AGprot—prot = =7 kpT).
This free energy is in agreement with the AG® values reported for
the formation of empty capsids using a truncated version of Cp
(Cp149) that lacks the CTD (33, 34). To gain more insight into
Cp-ssDNA interactions, force spectroscopy experiments were also
performed for only the CTD of Cp (fig. S4). However, we found that
micromolar concentrations led to CTD aggregation under assembly
conditions, preventing quantitative studies. Despite this, the ssDNA
saturation curve obtained with the CTD qualitatively matches the
values of Kp j found for Cp and Cp-Y132A (fig. S4). The reported
values of AGj,o_pna can be seen as a lower bound for the affinity of
Cp, as Cp-DNA interactions are electrostatically driven and our

30f10

T20Z '60 JBQUSAON UO 1B)SBAIINSY (1 JBP %88U1011q1g Te 510°90US 105" MAM//SANY WOJ papeo|umod



SCIENCE ADVANCES | RESEARCH ARTICLE
A V : 'A D HAP G 0
M 30dm, [Cp-Y132A] > K,
WAy . .
1
1
20 .
B Ak e E 10
~esNATCp 0 n
—— 5sDNA'++ Cp ' [ 4
= 3047 8RC 0+
= [ [Cp] < Kp
e _ 3041
g £ 1|
S 20 < i
2 2|
""" 2 1|
10 4 ; 2 !
3500 4000 4500 3 101 fk
Distance (nm) :: WHHH
2.0 " e . 0 D m PR s B PR = T = R
c o Bare ssDNA F iy [Cp] > K;
18] 1 ¢ 154! D
o CpY132A N |
16 ——MGVH model = 80 1
—~ 1.6 I
£ 60 104,
= 1.4 > !
£ 40 I
1.2 g 20 51!
2 I
£ 1
1.0 0 jin HHHI'IHHH.—. I_I.—u—||_|l'll'l =m0 o o
—F ; 10 15 0 T T T T T T T
0 10 100 1000 Time (s) 0 5 10 15 20 25 30 35 40

[Cp dimer] (nM)

Oligomer size (# HAP molecules)

Fig. 3. Characterization of Cp-ssDNA interaction. (A) Schematic cartoon of a force spectroscopy experiment by OT of an ssDNA molecule held in a solution of Cp dimers
(orange). (B) Representative FECs of bare ssDNA (gray; pKYB1) and ssDNA under increasing concentration of Cp (light green and purple). The individual fits to the eFJC
model are represented in black dashed lines. (C) DNA saturation curves obtained for Cp (orange) and Cp-Y132A (purple) represented as persistence length (Lp) versus Cp
dimer concentration. The best global fit to the MGvH model is displayed as gray lines. Error bars represent SD. (D) lllustrative cartoon of a Cp-ssDNA complex after its in-
cubation against a HAP-Alexa488 (cyan stars) solution to specifically stain Cp oligomers (orange). (E) Top: CFM image of a Cp-ssDNA-HAP-Alexa488 complex (A DNA).
Bottom: Kymograph of a photobleaching experiment of the same complex. Traces were typically static, showing a decrease in intensity over time in a stepwise manner
(red arrows), and only few traces showed diffusing behavior (<5%). (F) Kymograph of a single Cp oligomer during a photobleaching experiment (top) and the corresponding
intensity profile of the trace. Orange and blue lines show the data used to calculate the number of bound HAP molecules (G) and the brightness of HAP-Alexa488, respectively
(see fig. S6). (G) Histograms of the number of HAP molecules bound per Cp cluster. Cluster size was only measured for diffraction-limited spots. [Cp-Y132A] = 625 nM (top),
[Cp-WT] =50 nM (middle), and [Cp-WT] =200 to 600 nM (bottom). Total number of oligomers, N=71, 60, and 217, respectively.

Table 1. MGvH binding parameters (n = 30).

Cp dimer *Kp,int (LM) ® 1Kp (nM) #AGpor_ona (ksT) $AGprot-prot (KeT) $AGp; 4 (ksT)
O 70430 800£200 .. 0.09x004 102 EL TleE2
Cp-Y132A 500+ 100 0.14+0.06 -6.2+0.9 -16+£1

*Kp,int, the dissociation constant of Cp and ssDNA, was kept as a shared parameter. This ionic strength-sensitive parameter was determined for a buffer of

25 mM Hepes (pH 7.4), 375 mM guanidine HCl, 125 mM LiCl, and 250 uM TCEP.

acid-bound ligands. The w value may be considered a measure of cooperativity.

1tKp=Kp,int ® ', where  is the unitless association constant for two nucleic
$AG° values obtained from Kp int, ®, and Kp using the expression AG® = —kgT

In(K), where kgT is the product of the Boltzmann constant and the absolute temperature.

conditions are set to ~500 mM ionic strength, including 375 mM
guanidine HCI. These conditions will induce a higher degree of
charge screening than under typical intracellular conditions.

The energetics of protein-DNA interaction (AGgrot_DN A) are the
same order of magnitude as AGgmt_pmt values in high ionic strength,
and they only differ ~3 kgT (Table 1). Thus, the MGvH model high-
lights the contribution of cooperativity derived from Cp-Cp inter-
action to the global AGY, ;. Notably, the MGvH analysis allows us to
calculate the free energy of recurring arrangements of Cp dimers
that could package ssDNA with the disclosed assembly footprint

Buzén et al., Sci. Adv. 7, eabg0811 (2021) 3 November 2021

of ~70 nt (~100 kpT). We estimate that five to six dimers might be
sufficient for packaging (fig. S5).

Cp oligomerization behavior around ssDNA

To investigate Cp-Cp interactions for Cp bound to ssDNA, Cp
oligomers formed on ssDNA molecules were specifically stained with
heteroaryldihydropyrimidine (HAP)-Alexa488 (Fig. 3, D and E). HAP
provides specific noncovalent labeling of HBV capsids, as it does not
bind to free Cp dimers (35, 36). T'=4 HBV capsids bind up to 120 HAP
molecules at dimer-dimer interfaces, with a 1:1 stoichiometry with
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respect to Cp dimers under saturating conditions (37). Here, we use
HAP-Alexa488 to label capsid-like interfaces of higher-order structures
formed by Cp dimers under nonpackaging conditions (load, >20 pN).
Figure 3E shows the formation of Cp oligomers arranged as stable clus-
ters on an ssDNA molecule. The sizes of such oligomers were esti-
mated by photobleaching experiments (Fig. 3, E and F, and fig. S6).

The distributions obtained for both Cp and Cp-Y132A (Fig. 3G)
reveal clear differences between the two versions of the protein that
could not be anticipated from the binding parameters discussed
above. Cp-Y132A experiments show that the major peak in the histo-
gram corresponds to one bound HAP, indicating that the most
probable oligomers to be formed on ssDNA are dimers of dimers,
that is, oligomers with only one dimer-dimer interface (Fig. 3G, top).
However, under similar conditions ([Cp] > Kp), Cp shows very low
probability of small clusters of HAP binding dimers of dimers (be-
low 2%); a distribution of higher-order oligomers is found (Fig. 3G,
bottom). Even at a much lower concentration of protein ([Cp] < Kp),
Cp shows preference to form oligomers that bind to two or more HAP
molecules (Fig. 3G, middle). On the other hand, the Cp oligomer size
distribution obtained for [Cp] > K (Fig. 3G) points toward stable
oligomeric structures binding less than 10 HAP molecules, in agree-
ment with the structures proposed in fig. S5.

Identification of early assembly intermediates

The oligomerization behavior of Cp was studied by HS-AFM, pro-
viding structural information on the formation of small Cp oligomers
with high temporal resolution. For these experiments, a negatively
charged mica surface was used as a proxy for nucleic acid (25). Im-
mediately before AFM imaging, Cp dimers were brought to assembly
conditions by dilution, at maximum dimer concentrations of 300 nM.
Movie S1 shows how Cp dimers arrive to the surface to form higher-
order structures until surface saturation. A closer look at the oligomers
reveals two major arrangements: a diamond pentamer of dimers and
a dodecamer of dimers (Fig. 4A). The latter exhibits quasi-sixfold
symmetry suggestive of T = 4 twofold symmetric site. The Cp dimers
appear to transiently interact with the negatively charged surface,
leaving the spike of the dimers facing upward, which facilitates

identifying individual Cp dimers (Fig. 4A). When assembly reactions
are performed overnight in a test tube and above 1 uM concentra-
tion of Cp dimers, we observe fully formed empty HBV capsids (fig.
S7), in agreement with the previously reported assembly conditions
(13). Experiments performed with Cp-Y132A did not show the for-
mation of small oligomers able to diffuse on the surface, but the fast
growth of a flat two-dimensional (2D) lattice that is reminiscent of
the hexameric planes in Cp-Y132A crystals (fig. S8) (38).

Figure 4 (B and C) shows the molecular surface representation
of the diamond pentamer and the dodecamer in the context of a
full capsid (39). The diamond pentamer exhibits five spikes where
the middle spike is slightly higher than the surrounding ones
(Fig. 4, A and B, and fig. S7). On the other hand, the dodecamer is
composed of six high spikes forming the central hexagon and up to
six lower spikes surrounding the central hexagon, indicating the
initiation of curvature formation (Fig. 4, A and C, and fig. S7).
Figure 4 (D and E) shows examples of the formation of both oligo-
meric structures in real time (see also fig. S9 and movies S2 to S4).
Both structures fit within the oligomer size distribution found
by HAP staining experiments under nonpackaging conditions
(Fig. 3G). We have also observed that most of the dodecamers of Cp
dimers are formed starting from at least one diamond pentamer; in
some cases, two pentamers directly combine to form an oligomer of
10 Cp dimers with the dodecamer arrangement (see Fig. 4E, fig. S9,
and movie S3). The work per condensation step produced by Cp
dimers (F8 = 100 + 4 kgT) correlates with our estimations of free
energy provided by the assembly of a diamond pentamer on ssDNA
(AG® = -90 * 10 kgT) (fig. S5). It suggests that the formation of a
single diamond pentamer might be sufficient to facilitate DNA con-
densation, supporting the likeliness of this pentamer as a key as-
sembly intermediate. Figure S10 shows that the diamond pentamer
can be found either bound to three or two double-stranded regions
in the context of a capsid. Moreover, these results show that the
HBYV assembly pathway proceeds by the formation of diamond
pentamers and dodecamers, instead of through the fivefold sym-
metric pentamer, as also supported by recent electron microscopy
experiments (40).

Fig. 4. Cp oligomerization behavior followed by HS-AFM. (A) Left: Averaged image of self-assembled Cp oligomers from a solution of Cp dimers at 300 nM. Right:
Zoom-in of the most abundant oligomers found: the diamond pentamer, formed by five Cp dimers (top), and the dodecamer, found around the twofold symmetry axes
of HBV capsids (bottom). (B and C) Cartoons of the diamond pentamer (B) and the dodecamer (C), both in the context of the T=4 HBV capsid. The diamond pentamer
appears under the AFM with its five dimer spikes arranged as an “X” (B) (right). Low-resolution surfaces are colored by height. (D) HS-AFM images following the formation
of a diamond pentamer starting from a trimer of dimers (red arrows) (see fig. S9 and movie S2). (E) Selected snapshots capturing the formation of two hexagon-mers by
the direct combination of two diamond pentamers (red arrows) and through the sequential addition of Cp dimers (green arrows) (see fig. S9 and movies S1, S3, and S4).
Images in both (D) and (E) were acquired at 3.33 frames/s. Molecular models presented in (B) and (C) were generated from the x-ray crystal structure [PDB 2G33 (39)].
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DISCUSSION

We have demonstrated that HBV Cp has the ability to actively pack-
age nucleic acid by the mere self-assembly of Cp oligomers. Executing
these packaging events requires ~1.4 kgT/base of work and might
involve the base pairing of nucleic acids to form double-stranded
regions (Figs. 1 and 2). Although, pregenomic ssRNA is assumed to
present secondary structure in vivo, displaying a globular arrange-
ment, we have shown that full-length HBV Cp has the ability to
promote nucleic acid folding, consistent with earlier observation of
RNA chaperone activity for peptides based on the CTD (41). This
function could be of particular relevance in the crowded environ-
ment of the cytoplasm, where the HBV pregenome could be bound
to other cellular factors, or in a capsid where it is likely that the RNA
must be properly organized for reverse transcription. In this context,
Cp packaging capabilities could be very important to achieve a con-
densed ternary structure during capsid assembly.

Our results indicate that the diamond-shape pentameric arrange-
ment of Cps is a critical participant in HBV assembly, as a minimal
stable structure of Cps able to condense single-stranded nucleic acids.
Previous studies have reported the accumulation of small HBV
assembly intermediates for truncated versions of Cp (without the
CTD) and in the absence of nucleic acids (34, 40, 42-44). The
assembly model proposed here (Fig. 5) takes into account the stabi-
lizing contributions of nucleic acids in the formation of small nucle-
ation structures. A key point of our assembly study is that it is
performed below pseudocritical concentration of Cp dimers, condi-
tions that do not lead to the assembly of empty HBV capsids (45).
The addition of a negatively charged substrate for assembly, e.g.,
nucleic acid or a surface, introduces an additional force driving the
reaction toward assembly (Fig. 5). This, in combination with our
single-molecule approach, allows us to capture in real time these
critical structures on the path to capsid assembly.

The pentameric arrangement of Cp dimers identified here (Fig. 4A)
shows important characteristics that feature its potential as a key
building block of assembly. When looking at the angles formed be-
tween dimer spikes, we notice that the larger angle peaks at ~115°
(fig. S7), just in between the angles of a regular pentagon (108°) and
a regular hexagon (120°). It highlights its versatility to be part of
either the fivefold or quasi-sixfold symmetry axes of complete
capsids. In addition, the diamond pentamer represents a local min-
imum of energy in the oligomerization landscape of Cp, as it is the
smallest configuration of dimers that has more interfacial contacts
than subunits. Last, we provide experimental evidence that assembly
proceeds by reversible reactions, where subunits associated to a
growing complex by a single bond have a high probability of disso-
ciating before getting locked in place by an incoming subunit,
whereas subunits forming part of contact-rich structures are likely
to persist (fig. S11) (34, 46).

Our results complement the recent study by Asor et al. (34, 44),
which examined the assembly of empty HBV capsids for assembly
domain dimers using time-resolved small-angle x-ray scattering
(SAXS). The SAXS experiments used much higher protein concen-
trations than HS-AFM to obtain an interpretable signal at a resolution
that allowed distinguishing intermediates. In the SAXS experiments,
the protein concentrations were 20 and 30 uM, whereas the HS-AFM
experiments in this study were performed at concentrations of 0.1
to 0.3 uM, two orders of magnitude less. The HS-AFM concentra-
tions are below the pseudocritical concentration of assembly (for
the assembly domain) and likely depend on the presence of a sub-
strate, be it nucleic acids or mica. Note that the concentrations used
in HS-AFM studies are similar to those in a cell (47). The high con-
centrations used in SAXS experiments can support rapid assembly
with modest accumulation of small labile species, such as dimers
of dimers and trimers of dimers, which are relatively rare at low

Fig. 5. Model of substrate-assisted Cp assembly. Below pseudocritical concentration of Cp dimers, small oligomers are in equilibrium with free dimers, where interactions
are driven by weak dimer-dimer interactions (AGgrot_pmt). In the presence of a negatively charged substrate (gray sphere), diamond pentamers are stabilized by the addi-
tional contribution of the positively charged CTD (AGgrot,DNA). The substrate, e.g., nucleic acid or surface, introduces movement constrains to the Cp dimers that are
forming oligomers, making disassembly unfavorable and, hence, giving the reaction a substantial driving force toward assembly. Once a diamond pentamer is formed on
the substrate, the assembly can proceed by its combination with other diamond pentamers and/or the sequential addition of dimers and other Cp oligomers.
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protein concentrations. In more aggressive assembly conditions,
high concentrations of dimer lead to kinetic bottlenecks and traps
dominated by intermediates that are difficult to add to. Conversely,
intermediates that are rapidly consumed in the assembly of larger
complexes at high concentrations (and thus invisible to SAXS) can
occupy a local energy minimum at low concentrations (HS-AFM
conditions) that allows them to transiently accumulate. SAXS experi-
ments allow us to examine conditions where we can identify kinetic
bottlenecks, while HS-AFM has provided insight into reactions
where there are no kinetic traps. Both are important for constraining
models of assembly.

To conclude, we disclose previously unknown features of the HBV
assembly mechanism, contributing to the more general understanding
of the self-assembly of viruses. The binding study presented here
provides a full characterization of the energetics involved in the first
steps of HBV capsid assembly (Fig. 3), thereby setting a new quan-
titative reference to scrutinize the generic nucleation-and-growth
pathway shown by other viruses (Table 1) (19, 48-50). In follow-up
studies, the subsequent steps of assembly until capsid closure, in-
cluding the involved time scales, will be scrutinized to compare with
complementary kinetic approaches (21, 51, 52). Last, the methodology
presented here, combining fluorescence OT and HS-AFM, opens
new possibilities to study other self-assembly processes of (bio)
supramolecular complexes.

MATERIALS AND METHODS

Protein samples

Both Cp and the mutant Cp-Y132A were expressed and purified as
previously described (13, 28), based on the protocol reported by
Wingfield et al. (12). Purified Cp capsids were stored in 50 mM tris-
HCI, 5% sucrose, 5 mM EDTA, and 2 mM dithiothreitol (pH 7.5)
at —80°C. Capsid disassembly and dimer purification were performed
on the basis of the protocol described by Porterfield et al. (13).
Briefly, Cp capsids typically between 2 and 4 mg/ml were disassembled
by dilution into disassembly buffer [100 mM Hepes, 1.5 M guanidine
HCI, 0.5 M LiCl, and 1 mM tris(2-carboxyethyl)phosphine (TCEP)
(pH 7.5)], incubating for 16 hours at 4°C. Escherichia coli RNA en-
capsidated during protein expression was precipitated by the LiCl
after centrifugation, 16,000¢ for 30 min at 4°C. Cp-Y132A is puri-
fied from E. coli as dimers and stored as ammonium acetate pellets
at —20°C. Dimer solutions of Cp and Cp-Y132A were further purified
by size exclusion chromatography using a Superose 6 Increase column
(GE Life Sciences) equilibrated in disassembly buffer. Protein con-
centration was estimated by ultraviolet absorption using a Jasco V-750
spectrophotometer. Purified dimers were kept at 4°C for a few days
in disassembly buffer to prevent assembly/aggregation.

Synthesis of HAP-Alexa488

HAP 13 (heteroaryldihydropyrimidine 13) was modified using
Alexa Fluor 488 succinimidyl ester (Thermo Fisher Scientific) as
previously described (35, 36). HAP-Alexa488 stocks were dissolved
in dimethyl sulfoxide and diluted in aqueous buffer immediately
before use.

Triggering assembly conditions

Before OT-CFM measurements, Cp dimer solutions in disassembly
buffer [100 mM Hepes, 1.5 M guanidine HCl, 0.5 M LiCl, and 1 mM
TCEP (pH 7.5)] were diluted four times, using T-connectors,

Buzén et al., Sci. Adv. 7, eabg0811 (2021) 3 November 2021

immediately before the sample was introduced into the microfluidic
cell to ensure the dimeric state of Cp. A freshly diluted sample was
always flushed into the flow cell before every measurement. There-
fore, all experiments were performed in 25 mM Hepes, 375 mM
guanidine HCI, 125 mM LiCl, and 250 uM TCEP (pH 7.5) (assem-
bly buffer). In the case of HS-AFM experiments, dilutions were
performed manually, and assembly buffer without LiCl was used as
imaging buffer.

High-speed and conventional AFM

HS-AFM imaging was performed in amplitude modulation mode
in liquid using a sample-scanning HS-AFM [Research Institute
of Biomolecule Metrology Co., Ltd. (RIBM)] (53-55). Cantilevers
USC-F1.2-k0.15 (NanoWorld) were used for imaging with a nominal
spring constant of 0.15 N/m, a resonance frequency =~ 0.6 MHz,
and a quality factor = 2. The cantilever-free amplitude is 3 nm, and
the set-point amplitude for the cantilever oscillation was set at ~2.7 nm.
Images were recorded from 0.2 to 3.5 frame/s. Measurements were
performed in assembly buffer on freshly cleaved mica. Cp dimers were
freshly diluted into assembly conditions at final concentrations be-
tween 100 and 300 nM before AFM imaging. All AFM experiments
were performed by HS-AFM in liquid except for the image presented
in fig. S4B, for which a NanoWizard AFM (JPK) was used. For the
latter, imaging was performed in air in amplitude modulation
mode using ScanAsyst Fluid+ cantilevers (Bruker) with a nominal
spring constant of 0.7 N/m and resonance frequency of 150 kHz.

OT with CFM

A commercial setup (LUMICKS) combining dual-trap OT and
three-color CFM was used (22, 56). In addition, a five-channel
microfluidic cell (LUMICKS) mounted on an automated XY stage
was used to allow efficient movement of the traps through different
solutions. Two DNA sequences were used in this study: bacterio-
phage A DNA (Roche) and linearized pKYB1 vector (New England
Biolabs), with lengths of 48,502 and 8370 bp, respectively. Both
DNA sequences were biotinylated and used in combination with
streptavidin-coated polystyrene beads (Spherotech) of 3.11 and
1.76 um in diameter. Every pair of beads was calibrated before mea-
surements to obtain the stiffness of the trap, typically between 0.2
and 0.5 pN/nm. dsDNA molecules were end labeled with biotin in
the same strand, making them suitable to generate ssDNA through
mechanical melting of dsDNA (57). 2D images and kymographs
were constructed from CFM experiments by scanning the confocal
volume along the area of interest and collecting the emission by
single-photon avalanche photodiodes. Fluorescence intensities are
expressed as counte10”/s or photone10°/s (kHz).

Force spectroscopy for ssDNA-protein interaction

FECs were generated in assembly buffer, with or without protein
present in the solution, for different short ssDNA molecules. Traces
were obtained by moving one of the traps at constant speed (200 nm/s)
between 4 and 50 pN. The traces that showed any kind of sudden
change in contour length (L¢), due to assembly/disassembly events,
or that did not reach the expected bead-to-bead distance for bare
ssDNA at 50 pN were discarded for analysis (fig. S3). FECs were
individually fitted with the eFJC model (58, 59)

_ 2FLp kBT F
X = LC[COth<IQ3—T> - TLP] (1 + g) (1)
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where x and F are the measured extension and force, respectively;
Lc is the contour length; Lp is the persistence length; and S is the
stretching modulus of the DNA molecule. To estimate eFJC param-
eters, FECs generated at 100 Hz were fitted to the eFJC model from
10 to 40 pN, as previously reported (60). Fitting was performed by
a custom-written MATLAB script adapted from (61), keeping all
three parameters free to float. Stretching and relaxing curves were
analyzed separately for every ssDNA molecule, proving to be indis-
tinguishable (fig. $3); hence, parameters extracted from the fits of
forward and backward curves are presented without distinctions
(tables S1 and S2).

Analysis of the protein-ssDNA saturation curves
The values of persistence length (Lp) obtained from single-molecule
force spectroscopy experiments at different protein concentrations
can be related to the degree of binding saturation (®) (62-67).
Following the method developed by Farge et al. (62), FECs of pro-
tein-DNA complexes are assumed to be a linear combination of a
bare DNA curve and a curve of DNA fully saturated with proteins.
This allows © to be calculated from the experimental FECs using
the expression
Xmeasured = @xcoated + (1 - 6) Xnaked (2)
where Xyaked represents the extension measured for bare DNA curves,
Xcoated 18 the extension of fully saturated DNA, and Xmeasured is the
extension measured at any intermediate protein concentration (62).
Inserting eFJC model (Eq. 1) in Eq. 2 allows for the direct calcula-
tion of ® as function of the measured Lp values at different protein
concentrations
O = (Lpr;l - me71 )/(LpI;1 - chil) (3)
where Lyn, Lpe, and Ly, represent the persistence length of naked
DNA, protein-coated DNA, and DNA at intermediate degrees of
saturation, respectively. We notice that the expression presented
here (Eq. 3), derived from the eFJC model, differs from the one ob-
tained by Farge et al. (62) for the extensible worm-like chain model.
To access thermodynamic information from the experimental
values of ©, the isotherm described by the MGvH model (32) was used

e - Kcn 1-0)
D,int 5 4)
[(2(0—1)(1—@)+®/n—R]” 1[1—(n+1)®/n+R 2
2@-1)(1-0) 2(1-0)
where R is defined as
R=v1-(m+1)0m?+229 g 5)

Kp,int is the intrinsic dissociation constant for protein-DNA
interaction, # is the binding footprint of the protein (expressed in
number of nucleotides),  is the cooperativity parameter and also
the (unitless) equilibrium constant for protein-protein interaction,
and C is the protein concentration. Last, combining Egs. 3 and 4,
the experimental curves Lp versus C can be analyzed to extract the
binding parameters. Cp-ssDNA and Cp-Y132A-ssDNA saturation
curves were fitted globally (Fig. 2). To increase fitting stability,
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n = 30 nt was kept fixed, as it has been already estimated (26). We
notice that using slightly different values of n did not involve drastic
changes in the reported binding parameters (table S3).

OT isotensional experiments

Real-time assembly experiments were performed by setting an ac-
tive feedback to one of the optical traps to keep the load applied to
the tether constant (force clamp). The force was set to 11 pN with a
feedback frequency of 500 Hz. The change in bead-to-bead distance
was monitored by bright-field imaging and tracking of the bead po-
sitions at 100 Hz. The conversion from distance to apparent DNA
contour length (L) was done by applying the eFJC model assum-
ing that the persistence length (Lp = 1.085 nm), stretching modulus
(S = 431 pN), and nucleotide-to-nucleotide distance of 0.53 nm
were constant and equal to the ones measured by force spectroscopy
experiments for bare DNA (see the “Force spectroscopy for ssDNA-
protein interaction” section and tables S1 and S2). Assembly experi-
ments were performed with concentrations of Cp dimers between
40 and 250 nM. The step size analysis was performed by fitting the
experimental traces to a custom-written step-finding algorithm.

Assembly footprint and step size analysis
Assembly/disassembly steps were detected by applying a custom-
written algorithm (MATLAB) to the real-time assembly traces. The
algorithm is based on a moving window algorithm, where the mean
of N data points within a window is compared to the average of N
data points in an adjacent window. The difference in the found
mean is compared with a threshold. This threshold is equal to k-Ac,
where Ao is the difference in SD for both windows, and k is a
user-defined multiplication factor. This procedure is then repeated
each time the two windows move one data point ahead until the
windows reach the end of the experimental trace. The mean calcu-
lated from the data points in window 1 is compared to the mean of
window 2, and when this difference is larger than the given threshold,
it is considered a step. Experimental traces at 10 Hz were analyzed by
applying the step-finding algorithm defining k > 3. The set of traces
was also analyzed with the algorithm developed by Kerssemakers et al.
(68), giving very similar results.

Size estimation of Cp oligomers by HAP-Alexa488 labeling
An ssDNA molecule was first incubated against different concen-
trations of Cp dimers (~1 min) in assembly buffer. Then, the formed
ssDNA-Cp complex was incubated with a 100 nM HAP-Alexa488
solution containing no free Cp dimers for ~30 s. Last, CFM measure-
ments were taken in a HAP-free region of the microfluidic cell to
decrease the fluorescence background. The tension applied to the
tether was always >20 pN, a load at which the Cp is not able to con-
dense ssDNA. The brightness of HAP-Alexa488 was determined by
analyzing only the last step of 115 photobleaching traces (fig. S6). In
addition, fluorescence correlation spectroscopy with freely diffusing
HAP-Alexa488 molecules was used to confirm brightness values
under the same conditions as applied for the binding experiments
(fig. S6). Oligomer size was estimated from the fluorescence signal
of the beginning of the traces that showed the width of diffraction-
limited spots (fig. S6).

HAP staining experiments show that Cp-Y132A fails to form
many oligomers beyond dimers of dimers. This is consistent with
the observation that Cp-Y132A lacks the ability to form stable pre-
cursors that lead to the assembly of full capsids (28, 69).
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Identification of dsDNA formation by SYTOX labeling

First, an ssDNA molecule was incubated against a solution of Cp
dimers (1 to 2 min) in assembly buffer. Then, the formed ssDNA-Cp
complex was brought to a solution of 250 nM SYTOX Orange
(Thermo Fisher Scientific), where CFM measurements were per-
formed (fig. S1). All ssDNA molecules were stretched to at least 30
pN to confirm the formation of stable dsDNA. The number of
SYTOX molecules per dsDNA structure was determined by record-
ing kymographs at 30 pN tension for 30 s and quantifying the mean
fluorescence intensity (fig. S1). The brightness of SYTOX was
directly obtained from kymographs of dsDNA at 25 pM SYTOX
concentration (fig. S1).

Quantitative analysis of SYTOX experiments (Fig. 2D) showed
that these dsDNA structures formed by Cp accommodate only a few
SYTOX molecules at a time. We anticipate that Cp might be pre-
venting SYTOX binding by steric hindrance; exclusion of SYTOX
from potential sites has been shown for other DNA binding proteins
(70). Moreover, it should be noted that two SYTOX molecules cannot
bind to adjacent base pairs (71, 72). Double-stranded regions are found
to be in close contact with A-B dimers in an icosahedrally averaged
structure (see fig. S10), which make up for half of the dimers of a full
capsid. We anticipate that each capsid will contain many SYTOX-
binding dsDNA regions. These data suggest that only a small fraction
of the condensed DNA is available to SYTOX and/or that DNA
folding continues long after the early assembly events occurred.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg0811

View/request a protocol for this paper from Bio-protocol.
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