Monitoring Assembly of Virus Capsids
with Nanofluidic Devices
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ABSTRACT Virus assembly is a coordinated process in which typically hundreds of subunits react
to form complex, symmetric particles. We use resistive-pulse sensing to characterize the assembly of
hepatitis B virus core protein dimers into 7 = 3 and T = 4 icosahedral capsids. This technique counts
and sizes intermediates and capsids in real time, with single-particle sensitivity, and at biologically
relevant concentrations. Other methods are not able to produce comparable real-time, single-particle
observations of assembly reactions below, near, and above the pseudocritical dimer concentration, at
which the dimer and capsid concentrations are approximately equal. Assembly reactions across a

capsid geometry

high

[dimer]

low

range of dimer concentrations reveal three distinct patterns. At dimer concentrations as low as 50 nM, well below the pseudocritical dimer concentration of

0.5 «M, we observe a switch in the ratio of T= 3 to T = 4 capsids, which increases with decreasing dimer concentration. Far above the pseudocritical dimer

concentration, kinetically trapped, incomplete T = 4 particles assemble rapidly, then slowly anneal into T = 4 capsids. At all dimer concentrations tested,

T = 3 capsids form more rapidly than T = 4 capsids, suggesting distinct pathways for the two forms.
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nderstanding the general principles

of virus self-assembly has potential

applications in virology,' antiviral
therapy,” * and biotechnology.> For these
applications to be realized, we must know
the time scales and conditions that impact
assembly both constructively and destruc-
tively. Many viral capsid proteins can spon-
taneously assemble in vitro in response
to solution conditions, e.g., initial subunit
concentration, temperature, pH, and small-
molecule assembly effectors. A number of
these capsid proteins are readily available
through various expression systems, which
facilitates studying the assembly process.
However, we lack experimental methods
that can effectively probe the mechanisms
of assembly.

Hepatitis B virus (HBV) makes a tractable
model system to study assembly. In vitro
capsid assembly requires a single capsid
protein and is well characterized from bulk
solution experiments.” Moreover, HBV has a
broad impact on human health;® conse-
quently, the viral core (or capsid) protein is
a target of antiviral drug development.” The
best characterized activity of the core pro-
tein is its ability, in vivo and in vitro, to self-
assemble to form icosahedral capsids from 90
or 120 core protein homodimers. These cap-
sids are arranged with T = 3 (32 nm diameter)
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or T =4 (35 nm diameter) icosahedral sym-
metry, respectively.” The core protein as-
sembly domain (Cp149), a truncated version
of the 183-residue protein that is missing
the RNA-binding domain, assembles in vitro
as a function of protein concentration, ionic
strength, and temperature.'®"" In this study,
we examine Cp149 dimers that form empty
virus-like particles (or capsids) that are mor-
phologically indistinguishable from capsids
isolated from cell cultures.'?~ '

A nucleation—growth model has been
proposed to explain HBV assembly.'>'® The
formation of a nucleus, either a specific struc-
ture or an irregular nucleating complex,'®
is the kinetically limiting step.'>'” The lag
phase of the sigmoidal assembly curve
represents the formation of a steady state,
or shock front,'® of intermediates'>*° and is
followed by rapid capsid accumulation until
the reaction approaches equilibrium or free
subunits are depleted. The combination of a
nucleation step and weak subunit—subunit
interaction (—3 to —4 kcal/mol for each of
the four contacts made by each dimer) leads
to a directed assembly that is less suscep-
tible to kinetic traps as compared to non-
nucleated assembly."?' However, reactions
can become kinetically trapped when as-
sociation energy is very high (e.g., at high
salt), at high dimer concentrations, or both,
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which can lead to too many nuclei and formation of
incomplete capsids due to depletion of subunit.>'®

Tracking the changes in dimer, intermediate, and
capsid concentrations simultaneously requires mea-
surement of particle sizes with broad dynamic range,
high resolution, and temporal precision. Classical and
dynamic light-scattering measurements are used
to extract assembly kinetics of bacteriophage P22,
hepatitis B virus,'> cowpea chlorotic mottle virus,>>%*
brome mosaic virus,>> and human papillomavirus,?®
but these studies report only a signal proportional to
average molecular weight, obscuring the identities of
individual components. Similarly, size exclusion chro-
matography (SEC), often used to quantify assembled
capsids," lacks the resolution to identify specific inter-
mediates and capsids. Even in small-angle X-ray scat-
tering (SAXS) studies, which are limited to high
concentrations of solute, the contributions of major
species are not easily extracted.””?® Other methods
used to study virus assembly include time-of-flight
mass spectrometry?® and charge-detection mass spec-
trometry®° (CD-MS), of which CD-MS is able to detect
single particles. Unfortunately, electrospray ionization
mass spectrometry is compatible only with volatile
buffers (e.g., ammonium acetate), consequently limit-
ing the selection of assembly conditions. Fluorescence
correlation spectroscopy®' counts single particles, but
is limited to very low concentrations.

Resistive-pulse sensing (or Coulter counting) mea-
sures a change in conductivity as a particle transits an
electrically biased nanopore of comparable dimension,
and the measurement is sensitive to subtle changes in
analyte size. Resistive-pulse sensing has been used
to detect a variety of viruses, including HBV capsid
particles,*?3* a Paramecium busaria chlorella virus—
antibody complex,®® human papillomavirus,*® and the
filamentous virus fd.>” Resistive-pulse sensing is able to
provide thermodynamic and kinetic information, as well
as identify intermediate and capsid species. Further-
more, the limit of detection is far below most methods
used to study virus assembly, which permits study of
assembly well below the pseudocritical concentration
and does not require fluorescent labeling of the dimer.

Here, we use an in-plane nanofluidic device with two
pores in series>*** to investigate assembly of HBV
Cp149 dimers into empty virus-like particles in 1 M NaCl
under three distinct regimes: (i) assembly below the
pseudocritical dimer concentration, (ii) assembly near
the pseudocritical dimer concentration, typically ex-
pected to lead to assembly of normal capsids, and (iii)
assembly at high dimer concentrations that favor for-
mation of kinetically trapped intermediates. Assembly
near the pseudocritical concentration, at which the
dimer and capsid concentrations are approximately equal,
provides a view of assembly that is most easily com-
pared with earlier publications. Below the pseudocritical
concentration, we report HBV assembly for dimer
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Figure 1. (a) Schematic of glass nanofluidic device with two
V-shaped microchannels separated by a nanochannel with
two pores in series. Hepatitis B virus (HBV) capsids, dimer, or
assembly products in a high-salt buffer are loaded into the
sample reservoir and electrokinetically driven through the
nanochannel with an applied potential. (b) Scanning elec-
tron microscope (SEM) image of the nanochannel with two
pores milled with a focused ion beam instrument. The
nanopore dimensions are 60 nm wide, 60 nm deep, and
200 nm long, and the nanochannel between pores 1 and 2 is
300 nm wide, 110 nm deep, and 1 um long. Each particle is
sensed twice, once at each nanopore.

concentrations as low as 50 nM and obtain a new
view of assembly kinetics. At high dimer concentration
(>2 uM), incomplete capsids are trapped and slowly
anneal into T = 4 capsids.

RESULTS

Resistive-Pulse Sensing of Capsids and Their Intermediates.
Resistive-pulse measurements were made with the
device design shown in Figure 1. Two glass microchan-
nels are bridged by a 10 um long nanochannel with
two nanopores in series (Figure 1b). The nanopores are
200 + 10 nm long, 60 + 5 nm wide, and 60 £+ 5 nm
deep and tailored to sense the 32 nm T=3 and 35 nm
T = 4 HBV capsids, as well as intermediates formed in
the reaction. HBV capsids and intermediates are elec-
trokinetically driven from one side of the nanofluidic
device to the other side through the bridging nano-
channel. During translocation through the two pores,
each particle produces two pulses (or decreases in the
baseline current) (Figure 2a,b). From the resistive-pulse
measurements of the T = 3 capsids, T = 4 capsids,
and intermediates, we use the pulse amplitude and
frequency to determine particle size and concentra-
tion, respectively. The average pulse amplitude from
the two pores is normalized by the baseline current to
calculate Ai/i (relative pulse amplitude), which is pro-
portional to the volume of electrolyte displaced by the
volume of capsid protein in each particle. The relative
pulse amplitudes (Ai/i) are plotted as histograms to
show the distributions of T = 3 capsids, T = 4 capsids,
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Figure 2. Variation of current with time from resistive-pulse measurements of particles from an assembly reaction of 0.2 uM
Cp149 dimer in 1 M NaCl after (a) 90 s and (b) 75 min. Each particle produces two fully resolved current pulses®* that appear as a
single pulse on the time scale used in the figure. Histograms of relative pulse amplitude (Ai/i) of the assembly products for
reaction times of (c) 1.5 to 15 min and (d) 75 to 90 min. The Ai/i distributions contain T= 3 capsids, T = 4 capsids, and intermediates
(noncapsid oligomers and pre-T = 4 intermediates). Total counts are 1023 and 988 in panels (c) and (d), respectively.

and intermediates (noncapsid oligomers) present dur-
ing the assembly reactions (Figure 2c,d). Each device is
calibrated with a purified T = 3 and T = 4 capsid
standard (Figure S1 in the Supporting Information).
Pulse amplitudes from pores 1 and 2 differ by less than
10%, which arises from slight differences in the pore
dimensions. However, the average pulse amplitude
from the two measurements leads to improved preci-
sion compared to single-pore measurements and, thus,
enhanced size resolution of capsids and intermediates.
Moreover, the unique two-pulse current signature for
each particle provides a means to discriminate real
events from false positives.

Resistive-pulse measurements of HBV assembly
were performed over a range of dimer and salt con-
centrations. Capsid assembly was initiated by mixing
Cp149 dimer (0.05 to 10 uM) with a high-salt buffer
(0.3 to 1 M NaCl). T = 3 capsids, T = 4 capsids, and
intermediates were tracked simultaneously by the
resistive-pulse measurements. Assembly with initial
dimer concentrations of <2 M was measured directly
by loading the entire reaction mixture onto the nano-
fluidic device. After a 90 s delay, which corresponded
to the time to mix and load the reaction mixture into
the device, the assembly reactions were monitored
continuously for 90 min. However, for assembly with
initial dimer concentrations of >2 uM, the reaction was
diluted at various time points from 15 s to 24 h to
enable single-particle counting without pulse overlap;
dilution also slows down the assembly reaction, which
allows intermediate structures to persist for hours.
These single-particle measurements are robust and
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highly reproducible. This article contains data from
54 independent assembly reactions measured on six
nanofluidic devices. Detection of >700 000 virus parti-
cles is reported.

Figure 2¢,d shows histograms of Ai/i for the assem-
bly products formed from 0.2 uM dimer in 1 M NaCl
over a 90 min reaction. At early times, the assembly
reactions produce a wide variety of intermediate
structures that include noncapsid oligomers smaller
in size than T = 3 capsids and pre-T = 4 intermediates
between the sizes of T=3 and T = 4 capsids (Figure 2a
and ¢). As the reaction proceeds, fewer and fewer
of these intermediates are detected (Figure 2b and d).
T=3and T=4 capsids are the primary particles present
and are easily differentiated as they displace 0.58% and
0.83% of the baseline current (Ai/i), respectively. Inter-
mediates are present with notable Ai/i distributions at
0.71% (105 dimers) and 0.47% (77 dimers). However,
almost all of these intermediates are recorded in the
first few minutes of the assembly reaction.

The frequency of particle translocation events in
counts/min is directly proportional to the particle
concentration in solution (Figure S2 in the Supporting
Information). From the pulse frequency data, we de-
termine the relative fractions of T = 3 capsids, T = 4
capsids, and intermediates formed to reveal the time
and concentration dependence of assembly. The frac-
tion of each species (F) formed per unit time is calcu-
lated from eq 1 as

Nspecies )
NT:4 + NT:3 + Nintermediates

Fspecies =
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Figure 3. Variation of the fraction of T=3 and T = 4 capsids
with NaCl concentration for 90 min assembly reactions.
Initial Cp149 dimer concentrations are 2 uM for reactions
in 0.5, 0.7, and 1 M NaCl and 4 4M in 0.3 M NaCl. Products
from all reactions are measured by resistive-pulse sensing in
1 M NacCl. Each data point represents three reactions, and
error bars are +¢. Total counts are >3000 capsids for each
salt concentration.

where N is the number of counts in each time interval
for T = 3 capsids, T = 4 capsids, and intermediates.
Assembly of 0.2 uM dimer in T M NaCl produced a
capsid distribution of 65% T = 4 capsid and 20% T =3
capsid, and assembly of 0.9 uM dimer in 1 M NadCl
produced 74% T = 4 capsid and 20% T = 3 capsid
(Figure S3 in the Supporting Information). Previous
studies have shown that assembly of Cp149 dimer in
300 mM NaCl produces 90% to 95% T = 4 capsid and
5% to 10% T = 3 capsid.>®

Because we observed a larger fraction of T = 3
capsids than usual, we tested the effect of ionic strength
and found that lower NaCl concentration yields fractions
of T=3 and T = 4 capsids similar to those observed in
similar conditions in bulk experiments.'®383° |n Figure 3,
the fractions of T=3 and T = 4 capsids as a function of
salt concentration after 90 min of assembly are shown
for concentrations of 2 uM dimer in 0.5, 0.7, and 1 M
NaCl and 4 uM dimer in 300 mM NaCl. From 0.3 to 1 M
NaCl, the fraction of T =4 capsid decreases. The change
in the ratio of T = 3 to T = 4 capsids with salt
concentration suggests that NaCl influences dimer
conformation or dimer—dimer interactions, altering
the preferred geometry of capsid particles. These
results also confirm that the high concentrations of
T = 3 capsid observed in the assembly experiments
were not initially present in the dimer solution, but are
instead products of assembly reactions in T M NaCl.

Thermodynamics of HBV Assembly in 1 M Nadl. Thermo-
dynamics of capsid assembly are described with good
approximation by the law of mass action, and the
concentration of dimer at equilibrium is a nearly con-
stant pseudocritical concentration.'® The counts/min
of T=3and T=4 capsids at equilibrium, as a function of
initial Cp149 dimer concentration, was determined
by resistive-pulse sensing (Figure 4a). A pseudocritical
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Figure 4. (a) Variation of average counts/min for T = 3 and
T = 4 capsids with initial Cp149 dimer concentration in
resistive-pulse measurements after a 60 min assembly reac-
tion in 1 M NaCl. The pseudocritical dimer concentration is
0.5 uM. (b) Variation of the fraction of T=3 and T =4 capsids
with initial Cp149 dimer concentration in 1 M NaCl. Data in
panels (a) and (b) are taken from 54 assembly reactions made
on 5 devices and are based on more than 700 000 particles.
Error bars are +o.

dimer concentration of 0.5 uM dimer is indicated
by the rapid increase in the counts/min, ie., capsid
concentration (Figure S2 in Supporting Information).
Resistive-pulse measurements showed that for initial
dimer concentrations of >0.5 uM essentially all addi-
tional dimer was found as capsid. However, we observe
virus assembly with our nanofluidic devices at concen-
trations as low as 0.05 uM dimer, which is consistent
with predictions for a pseudocritical concentration, not
a true critical concentration.

In addition, single-particle counting allowed the
contribution from T = 3 and T = 4 capsids to be
separated from total particle count. Fractions of T =3
and T =4 capsids produced in each assembly reaction
are plotted in Figure 4b as a function of dimer con-
centration from 0.05 to 10 uM. Theratioof T=3to T=4
capsids is constant above the pseudocritical concen-
tration, consistent with earlier observations.'® Low
dimer concentration (0.05—0.2 uM) favors formation
of T=3 capsids. As dimer concentration decreases, the
fraction of T = 3 capsid progressively increases,
whereas the fraction of T = 4 capsid produced de-
creases. At the lowest concentration that assembly was
observed (0.05 uM dimer), the relative fractions of T=3
and T =4 capsids are nearly identical at 40% each. Near
the pseudocritical concentration (0.5—1 M dimer), the
fraction of T = 3 capsids increased slightly with dimer
concentration, whereas the fraction of T = 4 capsids
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Figure 5. (a) Variation of the amount of capsid (T=3and T=4)
and remaining Cp149 dimer with initial dimer concentration
after a 24 h assembly reaction in 1 M NaCl. Amounts of
dimer and capsid were determined by size-exclusion chro-
matography. The pseudocritical dimer concentration is
estimated to be 0.5 uM (red line). Each data point is an
average of three assembly reactions, and the error bars
are *o. (b) Transmission electron microscopy (TEM) image
of capsids formed from 5 M Cp149 dimer after 15 s of
reaction in 1 M NaCl. A T = 3 capsid, T = 4 capsid, and
incomplete pre-T = 4 intermediate are labeled.

decreased. At higher dimer concentrations (2 to 10 uM),
there was a slight increase in the ratioof T=3to T=4
capsids with fractions 20% and 70%, respectively. At high
dimer concentrations, we hypothesize that this increase
in the T = 3/T = 4 ratio is due to kinetically trapped
pre-T = 4 intermediates.

In parallel, we conducted conventional measure-
ments. Assembly reactions of Cp149 dimer were given
24 h to equilibrate, and then concentrations of capsid
and dimer were determined by SEC (Figure 5a).
Below the pseudocritical concentration of about
0.5 uM dimer, almost no capsid assembly was ob-
served, whereas above the pseudocritical concentra-
tion, almost all dimer assembled into capsid, leaving
a constant concentration of free dimer. Equilibration
of the assembly reaction is indicated when the concen-
tration of free dimer can be fitted to a linear regression
with a slope of zero."" However, for initial dimer con-
centrations of =2 uM, the free dimer concentration
appeared to decline at higher initial dimer concentra-
tions, which suggests that a kinetic trap is formed in
which large intermediates (ie., incomplete capsids)
were assembled that could not be resolved by SEC.
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Figure 6. Histograms of relative pulse amplitude (Ai/i) of
the assembly products formed from 0.05, 0.1, 0.2, and
0.3 uM Cp149 dimer in 1 M NaCl. Below the pseudocritical
dimer concentration (0.5 #M), the ratio of T=3to T =4
capsids increases. As initial dimer concentration decreases,
the fraction of T = 4 capsid formed decreases, whereas the
fraction of T = 3 capsid formed increases. Total counts are
>3000 particles for each dimer concentration.

Evidence of large intermediates and capsids missing
subunits was confirmed by transmission electron micro-
scopy (TEM) (Figure 5b and Figure S4 in the Supporting
Information).

Together, resistive-pulse and SEC data identify the
same pseudocritical dimer concentration. These data
allow us to divide capsid assembly at 1 M NaCl into
three regimes according to the initial dimer concentra-
tion: (i) below the pseudocritical concentration (<0.5 uM
dimer), (i) near the pseudocritical concentration (0.5 to
1 uM dimer), and (jii) substantially above the pseudo-
critical concentration (2 to 10 uM dimer). The second
regime, near and above the pseudocritical concentra-
tion, is typical for most bulk experiments, whereas the
third regime, substantially above the pseudocritical
concentration, is characterized by a kinetic trap. In the
following sections, resistive-pulse sensing is used to
investigate initial dimer concentrations below and
above the critical dimer concentration in more detail.

Assembly below the Pseudocritical Dimer Concentration.
Due to detection limitations of TEM, SEC, and multi-
angle laser light scattering (MALLS), little is known
about virus assembly below the pseudocritical dimer
concentration (<0.5 uM dimer in 1 M NaCl). However,
the sub-pseudo-critical concentration range is easily
accessed by resistive-pulse sensing. Assembly pro-
ducts for dimer concentrations from 0.05 to 0.3 uM
dimer are shown in Figure 6. As the initial dimer
concentration decreases, the fraction of T = 4 capsid
produced likewise decreases, whereas the fraction of
T = 3 capsid increases. At 0.05 uM dimer, the lowest
concentration that was tested, the fractions of T = 3
and T = 4 capsids formed were both ~40%.

Resistive-pulse measurements have sufficient sensi-
tivity that even at very low concentrations we were able
to evaluate time courses for each reaction (Figure 7).
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Figure 7. Variation of the fraction of (a) T=4 capsids, (b) T=3
capsids, and (c) intermediates with time for initial Cp149
dimer concentrations from 0.1 to 0.5 xM assembled in 1T M
NaCl. In panel (a), the rate of T=4 capsid growth increases as
dimer concentration increases. (b) No change in the T =3
capsid fraction over time is observed at any dimer concen-
tration. (c) Intermediates include noncapsid oligomers and
pre-T = 4 intermediates and decrease over time. Each
trajectory is an average of at least three independent
assembly reactions, and error bars are +0/2. Total counts
are >15000, 25 000, 23 000, and 27 000 particles for 0.1, 0.2,
0.3, and 0.5 M dimer, respectively.

Time to achieve a steady-state concentration of T = 4
capsid is proportional to initial dimer concentration
(Figure 7a). Assembly of T = 4 capsids at 0.1 uM dimer
reaches steady state only after 30 min. By comparison,
at 0.5 uM initial dimer concentration, T = 4 capsids
approach steady state within 5 min. These data allow
determining elongation rates of the assembly (i.e., the
second-order rate that subunits add to a growing
nascent capsid). The elongation rate is proportional
to the lag time between initiating assembly and the
first appearance of capsids.'® Lag times for dimer
concentrations from 0.05 to 0.9 uM were extracted
from the fraction of T =4 capsids plotted as a function
of time and fitted with eq S1 (Figure S5a in the
Supporting Information). The slope of the line fitted
to the lag time versus the reciprocal of the dimer
concentration is proportional to the elongation rate
(eqg S2 and Figure S5b in the Supporting Information).
The elongation rate constant is 1.71 x 10’ M~' s™'
which is in reasonable agreement with the rate con-
stant of reduced dimer (2.7 x 10" M~" s™") determined
from light-scattering data at a lower NaCl concentra-
tion but at higher temperature.®®

’
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Figure 8. Histograms of relative pulse amplitude (Ai/i) of
the assembly products from 5 4M Cp149 dimer in 1 M NaCl
after 15 s and 60 min of reaction time. The pre-T = 4
intermediate distribution between the T=3 and T = 4
capsid distributions has a maximum corresponding to
105-dimer species and decreases in height over time. Little
to no change is observed in the T = 3 capsid distribution,
and the T = 4 capsid distribution increases in height, which
suggests that the pre-T = 4 intermediates anneal to form
T = 4 capsids. Total counts are >37 000 particles for each
reaction time.

The fraction of T = 3 capsid is almost constant over
the 90 s to 90 min time interval for all dimer concen-
trations tested. Apparently, the T =3 capsid population
reaches steady state before the measurement starts
and long before the T = 4 capsid population. The
intermediates (noncapsid oligomers and pre-T = 4
intermediates) decrease over time; however, low con-
centrations of these intermediates are present at all
times. In terms of mass fraction (eq 1), these putative
intermediates have an inverse relationship with dimer
concentration; consequently, intermediates have the
greatest presence at low initial dimer concentration.
As the concentration of intermediates decreases, there
is a concurrent increase in the T = 4 capsid popula-
tion, suggesting that these intermediates anneal into
T = 4 capsids.

Assembly Substantially above the Pseudocritical Concentra-
tion. A different population of intermediates is detected
above the pseudocritical dimer concentration (Figure 8).
After 15 s of reaction time, a large distribution of pre-T=4
intermediates with sizes between those of T = 3 and
T = 4 capsids was detected. After 60 min, an increase in
T = 4 capsids was observed roughly proportional to the
amount of the pre-T = 4 intermediates depleted. Inter-
mediates are nearly absent after 24 h. The size of the
predominant pre-T = 4 intermediate is estimated by its
current displacement to be 105 dimers. Incomplete
capsids, presumably intermediates, are also observed
by negative-stain TEM in reactions quenched at 15 s by
blotting onto a TEM grid (Figure 5b and Figure S4 in
the Supporting Information). TEM analysis of reactions
incubated for 24 h had a smaller proportion of inter-
mediates, in agreement with resistive-pulse measure-
ments. Pre-T = 4 intermediates were detected for dimer
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concentrations of 5, 7, and 10 uM by both TEM and
resistive-pulse sensing. The data in Table S1 in the
Supporting Information indicate that the nanochannel
neither distorted HBV assembly nor biased detection
toward smaller capsids.

Annealing of pre-T = 4 intermediates into intact
capsids over time was observed for 2, 5, and 10 uM
dimer (Figure 9). At 2 uM dimer, the amount of T = 4
capsid increases as the distribution of intermediate
particles is depleted. The slight decrease in the counts
for T = 3 capsids could be due to completion of
intermediates that are similar in size to T = 3 capsids.
The growth of T = 4 capsids corresponds to depletion
of late-stage intermediates centered at 105 dimers,
which supports the hypothesis that these intermediates
complete into T =4 capsids. The time to anneal pre-T=4
intermediates into T =4 capsids is inversely proportional
to dimer concentration. Growth of T = 4 capsids is
continuous for assembly with 2 uM dimer, whereas
30 min is needed for the intermediates to anneal for
reactions with 10 uM dimer. Slow annealing is consis-
tent with a rate-limiting step of disassembly of kineti-
cally trapped oligomers.

DISCUSSION

In these single-particle studies, we observe inter-
mediates that transiently accumulate; these intermedi-
ates are not detected by methods such as light scattering
and SEC. Theoretical models of assembly reactions
predict relatively high concentrations of intermediates
early in the reaction that are depleted as the assembly
reaction progresses,'®'824% which is in agreement
with our findings. At dimer concentrations near the
pseudocritical concentration (0.5—1 uM), we observed
robust capsid formation with a transient, low concen-
tration of intermediates (Figure S3 in the Supporting
Information). At concentrations below the pseudocritical
concentration (0.05—0.3 uM), assembly also occurred,
but with an array of smaller intermediates (Figure 6).
The presence of assembly at very low dimer concen-
tration (50 nM) is consistent with the nonlinear nature
of the concentration dependence of 90- and 120-
subunit capsid assembly. For a T = 4 HBV capsid, the
equilibrium expression is Keapsia = [capsid]/[dimer]'?,
with the equilibrium constant having the unusual units
of M~ "', Because of the large exponent, virus assembly
is predicted to have a pseudocritical concentration.*°
Unlike a true critical concentration, some polymerization
is anticipated below the pseudocritical concentration,
and the subunit (e, HBV Cp149 dimer) concentra-
tion is not perfectly constant above the pseudocritical
concentration.

At relatively high dimer concentrations (=2 uM
dimer), capsid assembly was very rapid, and large
oligomers were kinetically trapped on their way to
forming T=4 capsids (Figures 8 and 9). The window for
assembly without kinetic traps is a complex function of
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Figure 9. Variation of the fraction of (a) T=4 capsids, (b) T=3
capsids, and (c) pre-T = 4 intermediates with time for initial
Cp149 dimer concentrations of 2, 5,and 10 M assembled in
1 M NaCl. (a) The fraction of T =4 capsid increases with time,
and there is a corresponding decrease in the pre-T = 4
intermediate with time (panel (c)). (b) The fraction of T=3
capsid decreases slightly over 24 h. Each trajectory is an
average of at least three independent assembly reactions,
and error bars are 4-0/2. Total counts are >80 000, 240 000,
and 154 000 particles for 2, 5, and 10 M dimer, respectively.

the concentration, association energy, and the ratio of
nucleation and elongation rate;'®*"*! for assembly in
1 M NadCl, 1 uM dimer is within that window, and 2 uM
dimer is not. At high initial dimer concentrations,
accumulation of late intermediates correlates with
stalling of the assembly reaction that is progressively
more apparent at higher protein concentrations. At the
highest dimer concentration tested (10 «M), the reac-
tion appears to stall for almost 30 min until intermedi-
ates anneal, rearrange, or ripen to form T = 4 capsids
(Figure 9). These intermediates are consistent with late-
stage assembly intermediates previously identified
under kinetic trapping conditions.>® Thus, we observe
that assembly at relatively high association energy is
far less robust with respect to dimer concentration
than at low association energy.

The sensitivity of resistive-pulse sensing facilitates a
new view of the switch between T=3 and T=4 capsids.
We observed that the ratio of T = 3 to T = 4 capsids
increased with increasing the concentration of NaCl
(Figure 3). One explanation for the adjustable ratio of
T =3to T = 4 capsids is that ionic strength modifies
subunit dynamic properties, intersubunit geometry, or
both.**~** Modifications to the HBV dimer, including
mutations, truncations of the C-terminus, and formation
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of a disulfide bond across the intradimer interface, all
change the ratio of T= 3 to T =4 capsids.'>*® However,
if structural features of the dimer are the whole story,
then T =3 and T = 4 capsids should form continuously
with parallel assembly kinetics.

However, assembly kinetics for T= 3 and T = 4
capsids are completely different. Across all assembly
conditions tested, T = 3 capsid assembly was complete
by the time the measurement was initiated (15 s at
dimer concentrations of =2 uM and 90 s at dimer
concentrations of <2 uM), whereas T = 4 capsids
continued to assemble for minutes to hours. The
critical points are that T = 3 capsids formed early in
the reaction, and no appreciable T = 3 capsid formed
subsequent to the initial observation.

A second hypothesis for the switch between T = 3
and T = 4 capsid assembly lies in the evolution of
the energy surface during a reaction. Simulations of
assembly reactions in which all intermediates are
considered indicate that the selection of intermediates
changes over time from those intermediates that are
most kinetically accessible to intermediates that are
more stable and persistent.*>* Based on their stability
and probability of formation, only a small subset of
intermediates are likely to be very common.***® These
intermediates are the steady-state backbone of virus
capsid assembly kinetics.'®9214547 We speculate that
among the kinetically accessible, temporally early inter-
mediates in HBV assembly, there are one or more

METHODS

Virus Capsids. HBV capsids were assembled from core protein
(Cp149, 17 kDa) dimers expressed in E. coli and purified as
described previously.*® Preparation of the Cp149 dimer is
described in the Supporting Information. For the assembly
experiments, the dimer was used without further purification.
To calibrate the resistive-pulse measurements, T=3 and T =4
capsids were purified after assembly on a 10—40% (w/v) con-
tinuous sucrose gradient in 50 mM HEPES (pH 7.5) with 0.3 M
NaCl that was centrifuged for 6 h at 150000g. The upper particle
band (T = 3 capsids) and the lower particle band (T = 4 capsids)
were extracted and dialyzed into 50 mM HEPES (pH 7.5) with 1 M
NaCl and concentrated to 0.2—0.3 mg/mL. To determine sample
purity for the calibration standards and capsid morphology for
the products from assembly reactions, samples were adsorbed
to glow-discharged carbon-coated grids (EM Sciences), stained
with 2% uranyl acetate, and analyzed by transmission electron
microscopy (JEM-1010, JEOL Ltd.).

Device Fabrication. The nanofluidic devices were fabricated in
two steps. First, the microchannels were fabricated in D263
glass substrates by standard UV photolithography and wet
chemical etching.34 After microchannel fabrication, the nano-
channel and nanopores were milled directly into the glass
substrates with a focused ion beam (FIB) instrument (Auriga 60,
Carl Zeiss, Inc.) controlled by the NanoPatterning and Visualiza-
tion Engine (FIBICS, Inc.). The nanochannel sections that con-
nected the pores with the microchannels were milled with a
30 kV beam at 50 pA and a dose of 1 nC/um?. The pore-to-pore
channel was milled with the same accelerating potential and
beam current, but with a dose of 0.5 nC/um?. Last, the two
nanopores were milled as a single line pass with a 30 kV beam
at 20 pA and a dose of 0.006 uC/um to connect the three
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intermediates that provide a path to T = 3 capsids. This
kinetic phenomenon might explain why a much higher
T = 3 population is observed at very low dimer
concentrations, well below the pseudocritical concen-
tration (Figures 4b and 6). At longer times, the con-
centrations of these T = 3 capsid predecessors collapse
along with other relatively unstable intermediates, and
only paths to T=4 capsids are accessible. This proposal
is consistent with the theory of assembly of spherical
particles, and in fact, data presented in this article show
intermediates observed at later times lead almost
exclusively to T = 4 capsids (Figures 7 and 9).

CONCLUSION

Resistive-pulse sensing with two pores in series has
excellent signal-to-noise ratios and limits of detection.
With this technique, we were able to investigate the
real-time assembly of HBV dimer at concentrations and
with detail not previously possible. We observed as-
sembly of Cp149 dimer below the pseudocritical dimer
concentration, revealing the feature of the T = 3 and
T = 4 switch as well as the transient presence of tem-
porally early intermediates. Equal amounts of T = 3
and T = 4 capsids are formed at the lowest concentra-
tion that assembly could be initiated, 50 nM dimer.
Above the pseudocritical dimer concentration and
at high dimer concentrations, kinetic traps form that
are consistent with structurally and temporally late
intermediates.

nanochannel sections. During the FIB milling, an electron flood
gun (FG 15/40, SPECS, GmbH) was operated at 5 eV and 20 A to
compensate for the buildup of positive charge on the substrate
surface. The nanochannel and nanopore dimensions were deter-
mined with the scanning electron microscope (SEM) on the FIB
instrument and an atomic force microscope (AFM; MFP-3D,
Asylum Research, Inc.). The nanochannel is composed of three
sections: one 300 nm wide, 110 nm deep, and 1 um long pore-
to-pore channel that connects the two nanopores and two
500 nm wide, 220 nm deep, and 4 um long channels that
connect the nanopores to the microchannels. The nanopores
are 200 £ 10 nm long, 60 + 5 nm wide, and 60 £ 5 nm deep
(Figure 1b).

To bond the devices, the substrates and #1.5 cover glass
were hydrolyzed in a solution of 1 M NaOH for 15 min at room
temperature, sonicated in water, brought into contact with each
other, dried overnight at 90 °C, and annealed in a furnace at
545 °Cfor 10 h. After bonding, a 1 M NaOH solution was flushed
through the nanochannel for 60 to 90 min to etch the nano-
pores to a final width and depth of 60 £+ 5 nm to allow passage
of large aggregates formed during the assembly reactions. The
assembly experiments were performed on six devices.

Resistive-Pulse Measurements. Four types of resistive-pulse
measurements are reported: (1) calibration of the nanopores,
(2) assembly at low initial dimer concentration (<2 uM), (3)
assembly at high initial dimer concentration (=2 M), and (4)
assembly at different NaCl concentrations. Prior to each assem-
bly experiment, we calibrated each device with purified T = 3
and T =4 capsids in 50 mM HEPES buffer (pH 7.5) with 1 M NaCl
(Figure S1 in the Supporting Information). For assembly reac-
tions at low dimer concentrations (<2 uM), Cp149 dimer was
brought to the designated initial dimer concentration in 50 mM
HEPES buffer (pH 7.5) with 1 M NaCl and loaded onto the device.
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A period of 90 s elapsed between initial mixing of the dimer into
1 M NaCl to initiate assembly and the start of the resistive-pulse
measurements. For assembly reactions at high dimer concen-
trations (=2 uM), Cp149 dimer was brought to the designated
initial dimer concentration in 50 mM HEPES buffer with 1 M NaCl
to initiate assembly, the assembly reaction was allowed to
proceed for the designated time, and the reaction mixture
was diluted to an equivalent 0.25 or 0.5 M dimer in 50 mM
HEPES buffer with 1 M NaCl prior to being loaded onto the
device for resistive-pulse measurements. For assembly at dif-
ferent NaCl concentrations, Cp149 dimer was brought to the
designated initial dimer concentration in 50 mM HEPES buffer
(pH 7.5) with 0.3,0.5, 0.7, or 1 M NaCl, and the assembly reaction
proceeded for 90 min. At 90 min, the reaction mixture was
diluted to an equivalent 0.5 uM dimer in 50 mM HEPES buffer
with 1 M NaCl prior to being loaded onto the device for resistive-
pulse measurements.

After samples were loaded into the sample reservoir, an
Axopatch 200B current amplifier (Molecular Devices, Inc.) was
used to apply a potential (450 to 550 mV) between the sample
and waste reservoirs (Figure 1a) to drive the sample electro-
kinetically through the nanochannel. The amplifier also mea-
sured the current through the nanochannel at a filter frequency
of 10 kHz and a collection frequency of 40 kHz. The potentials
were applied with Ag/AgCl electrodes placed in the buffer-filled
reservoirs, and the electrical measurements were conducted
inside a Faraday cage covered in acoustic wedge foam.

Current data were imported into MatLab R2014a (Mathworks,
Inc), and a modified version of Open Nanopore 1.2 was used tofit
the raw data to determine the pulse amplitude (Ai), pulse width
(w), and average baseline current adjacent to each pulse.49
Times between pulses were tabulated and plotted on a log scale
to reveal two distributions of the pore-to-pore times for indivi-
dual capsids and uncorrelated times between pulses from
different capsids. A Gaussian function was fitted to the pore-
to-pore time (t,,p,) distribution, and 420 from the fit was used as
a selection criterion for related pulse pairs. The average pulse
amplitude from each pulse pair was divided by the average
baseline current adjacent to each pulse to calculate Ai/i, which
was then plotted as a histogram with a bin size of 1 x 107
Gaussian functions were fitted to the Ai/i distributions to
determine the T =3 capsid, T =4 capsid, pre-T = 4 intermediate,
and noncapsid oligomer distributions.
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