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Understanding the pathways by which simple RNA viruses self-assemble from their
coat proteins and RNA is of practical and fundamental interest. Although RNA—protein
interactions are thought to play a critical role in the assembly, our understanding of
their effects is limited because the assembly process is difficult to observe directly. We
address this problem by using interferometric scattering microscopy, a sensitive optical
technique with high dynamic range, to follow the in vitro assembly kinetics of more
than 500 individual particles of brome mosaic virus (BMV)—for which RNA—protein
interactions can be controlled by varying the ionic strength of the buffer. We find that
when RNA-protein interactions are weak, BMV assembles by a nucleation-and-growth
pathway in which a small cluster of RNA-bound proteins must exceed a critical size
before additional proteins can bind. As the strength of RNA-protein interactions
increases, the nucleation time becomes shorter and more narrowly distributed, but the
time to grow a capsid after nucleation is largely unaffected. These results suggest that
the nucleation rate is controlled by RNA—protein interactions, while the growth process
is driven less by RNA—protein interactions and more by protein—protein interactions
and intraprotein forces. The nucleated pathway observed with the plant virus BMV is
strikingly similar to that previously observed with bacteriophage MS2, a phylogeneti-
cally distinct virus with a different host kingdom. These results raise the possibility that
nucleated assembly pathways might be common to other RNA viruses.
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Since the 1950s, the question of how RNA viruses self-assemble has inspired theoretical and
experimental work in many fields of basic and applied science (1-5). Simple RNA viruses,
which consist of a single-stranded RNA genome inside an ordered capsid made up of multiple
copies of a single protein (Fig. 14), have served as model systems for studying the physical
principles of structural virology involving virus particles of all shapes and sizes (1, 2, 6, 7).
However, the mechanisms and pathways by which these viruses assemble into the correct
structure, while avoiding the many possible malformed structures, are not yet understood.
Although many different RNA viruses self-assemble (8—10), our interest is in compar-
ing the assembly of virus-like particles from two well-studied virus families: Bromoviri-
dae, a family of plant-infecting viruses that includes brome mosaic virus (BMV) and
cowpea chlorotic mottle virus (CCMV), and Fiersviridae (previously Leviviridae), a fam-
ily of bacteria-infecting viruses that includes MS2 and QP. These families are as distinct
phylogenetically as any two RNA virus families can be, having a last common ancestor
that is thought to predate the emergence of eukaryotic cells (11). Accordingly, there are
many well-established physical and biological differences among viruses in these families
and virus-like particles derived from them. Yet the four most studied members—BMYV,
CCMV, MS2, and Qf—do have some structural commonalities: They have icosahedral
capsids with a triangulation number (7) of 3 (2), they have no lipid envelope, and each
capsid surrounds approximately 3,000 to 4,000 nucleotides of single-stranded RNA.
The assembly of such structures is a nontrivial process. Identical coat proteins must
adopt nonequivalent positions to make a 7'= 3 capsid, with some arranging in pentago-
nal configurations and others in hexagonal configurations (2, 7, 12). Furthermore, these
configurations must form in the correct proportions and positions for the capsid to
close. Despite these challenges, assembly of virus-like particles of CCMV (13-15),
BMV (14, 15), and MS2 (16) occurs in high yield even in vitro and in the absence of host-
cell factors. The ability of viruses to avoid the many possible metastable states en route to
complete assembly has been likened to the Levinthal paradox of protein folding (17, 18).
But unlike proteins, RNA viruses have a template for assembly: their own RNA. Cur-
rent theoretical models of RNA virus self-assembly posit markedly different roles for the
RNA, depending on the relative strengths of RNA-protein and protein—protein
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Fig. 1. Overview of the system and the measurement. (A) A 3-dimensional model of BMV reconstructed from cryoelectron microscopy data (51) shows the
protein capsid (gray) surrounding the RNA (gold). The model reveals most of the icosahedral capsid but only a small portion of the RNA, the rest of which
adopts a disordered arrangement within the capsid. (B) A cartoon of the experiment shows viral coat proteins assembling around RNA strands that are
tethered by DNA linkages to the surface of a functionalized glass coverslip. (C) The assembling proteins are imaged at 1,000 Hz for 600 s using iSCAT micros-
copy. Each dark spot that appears in the images corresponds to proteins bound to an individual RNA strand. The darkness, or intensity, of each spot is
proportional to the number of proteins bound to that RNA. The displayed images are the average of 1,000 consecutive frames. (D) Traces of the intensity as
a function of time (1,000-frame moving average) reveal the assembly kinetics for each particle. Experimental conditions are 0.135 umol/L protein and
250 mmol/L NaCl. The initial spike in intensity present in many of the traces is associated with vibrations introduced into the system as the coat protein is
injected. The thick, black trace corresponds to the boxed particle in (C). We compare the final intensities of the traces to the estimated intensity range of full
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capsids, which is shown as a vertical bar to the right of the traces.

interactions, sequence-dependent RNA-protein interactions,
RNA-mediated protein—protein interactions, and several other
factors (19). Although specific interactions between RNA sub-
structures and coat proteins have been hypothesized to help the
virus avoid malformed configurations (18), viruses from different
families differ greatly in their RNA structures and RNA—protein
interactions. It is therefore unclear whether there are common fea-
tures of the assembly process for different 7'= 3 viruses or if there
are distinct assembly pathways that depend on RNA-protein
interactions.

Recent measurements of assembly kinetics suggest the latter:
that the assembly of viruses from different families follows dif-
ferent pathways. Fluorescence correlation spectroscopy experi-
ments (20, 21) of the kinetics of binding of MS2 coat protein
and RNA indicate that assembly starts with a small cluster of
RNA-bound proteins that trigger a change in the hydrody-
namic radius of the RNA. In contrast, cryoelectron microscopy
(22) and small-angle X-ray scattering (23) experiments of the

https://doi.org/10.1073/pnas.2206292119

assembly of the CCMYV coat protein and RNA show that disor-
dered RNA-protein complexes formed at neutral pH anneal
over several thousand seconds into well-formed capsids when
the pH drops below 6.

But because these experiments involve different assembly
conditions and different measurement techniques, their out-
comes might not reflect fundamental differences in the assem-
bly pathways of these viruses but rather technical differences in
the methods and protocols used to study them. Furthermore,
most of the techniques that have been used do not measure the
assembly process directly at the scale of individual particles
because—one way or the other—they involve averaging over
many particles. Such averaging can obscure the mechanisms
and pathways that underpin stochastic assembly processes like
viral assembly, in which each individual particle can follow its
own unique sequence of intermediate states. Thus, it remains
an open question whether a common assembly pathway might
exist between these viruses.
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We recently demonstrated that interferometric scattering
(iSCAT) microscopy (24) can resolve the assembly kinetics of
individual virus-like particles (25), providing a method to
directly measure and compare the assembly pathways of differ-
ent viruses. To perform the iSCAT experiment, we first tether
viral RNA molecules to the surface of a functionalized glass
coverslip under the desired buffer conditions (26) (Fig. 1B).
Next, we begin collecting iSCAT images of the RNA-decorated
coverslip as we inject viral coat proteins at the desired concen-
tration and in the appropriate buffer. As the proteins bind to
the surface-tethered RNA, dark spots appear in the iSCAT
images (Fig. 1C). Subtracting the intensity associated with the
RNA then yields images in which the intensity of each dark
spot is proportional to the number of proteins that have
accrued onto each individual RNA. Previous measurements by
Young and coworkers (27) show that the iSCAT intensities of
protein assemblies are, in general, linearly proportional to the
total mass of the assemblies. Accordingly, in our experiments,
plotting the trace of the intensity of a spot as a function of
time reveals the assembly kinetics for that particle, and plotting
the collection of traces reveals the assembly kinetics for the
ensemble of particles (Fig. 1D).

In our previous work (25) we examined the assembly of bac-
teriophage MS2. We found that well-formed capsids could
assemble around surface-tethered RNA strands and that the
assembly kinetics were consistent with a nucleation-and-growth
pathway in which a small cluster of RNA-bound proteins must
exceed a critical size before the binding of additional proteins
becomes favorable. Despite an apparently small critical nucleus
size of only a few coat—protein dimers, we found that MS2
capsids grow monotonically to full or nearly full size with high
yield.

Although this previous study highlighted the importance of
the RNA in the assembly process, the strong and specific
RNA-protein interactions in MS2 (28-30), which are thought
to occur at a dozen or so positions on the RNA molecule (31,
32), make it difficult to systematically address the central ques-
tion of how the RNA affects the pathway. By contrast, the RNA
in BMV interacts with the coat proteins primarily through non-
specific electrostatic interactions (33), with the possible excep-
tion of a single, specific RNA—protein interaction occurring at
the 3’-end of the RNA (34). As a result, the strength of
RNA-protein interactions in BMV can be largely tuned by
changing the ionic strength of the buffer solution (22, 35, 36).
BMV therefore offers not only an interesting comparison to
MS2—it is phylogenetically distinct but structurally similar—
but also the means to understand the role of RNA—protein
interactions.

In the current study, we infer the assembly pathways of BMV
from iSCAT measurements under different RNA—protein inter-
action strengths, allowing us to critically assess of competing
models of the assembly process. We follow the assembly trajecto-
ries of more than 500 individual virus particles under different
assembly conditions, and we correlate the results with the
absence and presence of ordered capsids as detected with
negative-stain transmission electron microscopy (TEM). We find
that BMV can assemble by a nucleation-and-growth process that
is qualitatively similar to that of MS2. We show that the strength
of RNA-protein interactions strongly affects the nucleation time
but only weakly affects the growth time, suggesting that RNA
plays a central role in nucleating the viral capsid but a relatively
minor role in its growth kinetics. We discuss these observations
in the context of recent models and hypotheses of RNA virus
self-assembly.

PNAS 2022 Vol. 119 No.39 2206292119

Results

RNA-protein interactions can be controlled by varying ionic
strength. We first test whether ionic strength affects the cluster-
ing of BMV coat proteins in the absence of RNA. We equilibrate
the 20 kDa coat proteins in assembly buffers with different ionic
strengths—corresponding to NaCl concentrations of 84, 167, and
250 mmol/L—and measure their mass distributions using iSCAT
mass photometry (27). The mass distributions reveal a large peak
at 40 kDa, indicating that the coat proteins primarily form dimers
(CP,), with a slight shoulder extending to higher masses, indicat-
ing a much smaller population of larger clusters or impurities
(Fig. 2A). These results are consistent with previous analytical
ultracentrifugation measurements (37). Notably, we find that the
mass distributions are unchanged by ionic strength (Fig. 24), sug-
gesting that varying NaCl over the range of concentrations tested
does not cause coat proteins to change their clustering. Indeed,
recent microscale thermophoresis experiments (38) showed that
protein—protein interactions between coat proteins in solution are
only weakly affected by ionic strength.

To test wheher ionic strength also has a weak effect on the inter-
actions between coat proteins in capsids, we perform differential
scanning fluorimetry (DSF) on wild-type BMV particles (39). DSF
measures the thermal stability of the virus particles (40), which is
related to the strength of lateral interactions between proteins in the
capsids. When we weaken protein—protein interactions by raising
the pH from 6 to 7 (41), we observe a sharp drop in the thermal
stability (Fig. 2B), but when we vary ionic strength by varying the
concentration of NaCl, we observe no such change (Fig. 2B). These
results suggest that the interactions between assembled coat pro-
teins, like those between free CP,, are largely unaffected by ionic
strength, at least for the NaCl concentrations tested.

By contrast, we find that the strength of RNA—protein inter-
actions varies markedly with ionic strength. By measuring the
yield of RNA-protein binding between 20-nucleotide-long
poly-U RNA and BMV CP, using a nitrocellulose binding
assay (42), we find that increasing the concentration of NaCl
decreases the amount of RNA—protein binding (Fig. 2C). This
result is consistent with binding being driven by electrostatic
interactions between the negatively charged phosphate back-
bone of the RNA and the positively charged N terminus of the
coat protein (33). Furthermore, it suggests that we can use
ionic strength to specifically modify RNA—protein interactions,
largely independently of protein—protein interactions.

Next, we use TEM to test for capsid formation as we vary
ionic strength. In assembly reactions involving BMV CP, and
BMYV RNA, we find that 84 mmol/L NaCl leads to heterogeneous
assembly products, with some well-formed particles and many
malformed particles, whereas 167 mmol/L and 250 mmol/L NaCl
give rise to more homogeneous spherical particles with roughly the
same size and curvature as wild-type BMV (Fig. 2D).

Taken together, these measurements demonstrate that we can
control the strength of RNA—protein interactions by varying the
ionic strength and that changing these interactions changes the
assembly products. These results set the stage for iSCAT single-
particle measurements that probe how the assembly pathways
might change as RNA—protein interactions are varied.

iSCAT measurements show that BMV assembles by a
nucleation-and-growth pathway under certain conditions.
We used iSCAT to measure the self-assembly kinetics of individual
BMV particles as a functon of the RNA—protein interaction
strength, as controlled by the ionic strength (84 mmol/L,
167 mmol/L, and 250 mmol/L NaCl) and the protein concentration
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Fig. 2. lonic strength affects RNA-protein binding and the assembly process but does not affect the clustering of free proteins or the thermal stability of
assembled particles. (4) iISCAT mass photometry measurements of the mass distribution of BMV coat-protein solutions show 40 kDa dimers as the dominant
cluster size for all conditions tested. Measurements are made with 1.7 pg/mL protein in assembly buffer with varying amounts of NaCl. Each of the three
overlapping distributions contains at least 15,000 measurements of individual clusters binding to a glass coverslip. The area under each distribution is nor-
malized to a value of 1. (B) DSF measurements of the melting temperature of wild-type BMV in assembly buffer at pH 6 with varying NaCl, and at pH 7 with
fixed NaCl, show that the capsid stability depends weakly on ionic strength, relative to pH, across the conditions tested. (C) Nitrocellulose binding measure-
ments show that the yield of RNA-protein binding depends strongly on ionic strength. Measurements are performed at 4 nmol/L RNA and 0.043 pmol/L CP,
in TAE buffer with varying amounts of NaCl. The binding yield measurements are normalized with respect to the amount of binding at 84 mmol/L NaCl.
(D) Uranyl acetate negative-stain TEM images of BMV particles assembled in assembly buffer at varying ionic strengths. We carry out assembly reactions
using 7.5 nmol/L BMV RNA1 and 0.86 pmol/L BMV CP,, and assembly buffers at pH 6 and either 8 mmol/L, 167 mmol/L, or 250 mmol/L NaCl. The
84 mmol/L NaCl sample is notably heterogeneous, presenting many more malformed particles, which are denoted by arrowheads, compared with the
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higher-NaCl assemblies, which are more monodisperse. Wild-type BMV particles are shown as a reference.

(0.043 pmol/L, 0.135 pmol/L, and 0.427 pmol/L CP,). In particu-
lar, we performed measurements, in duplicate, for the eight combina-
tions of NaCl and protein concentrations indicated in Fig. 3. In
total, we measured and analyzed the assembly kinetics of 511 par-
ticles, 72 of which are shown in Fig. 3.

We see qualitative differences among these single-particle
traces for different RNA—protein interactions, most notably in
the time at which each trace begins to increase rapidly (the
“start time”). Consider the middle column in Fig. 3, which cor-
responds to 0.135 pmol/L CP,. When RNA-protein interac-
tions are strongest (corresponding to 84 mmol/L NaCl), each
trace begins increasing immediately after the protein is intro-
duced. In contrast, for weaker RNA—protein interactions (cor-
responding to 167 mmol/L NaCl), each trace remains at a low
intensity for a variable amount of time before increasing, with
some traces having start times greater than 100 s at the lowest
protein concentration. When RNA-protein interactions are
weaker still (corresponding to 250 mmol/L NaCl), the distribu-
tion of start times extends to longer values, with some traces
having start times as long as 500 s at the intermediate protein
concentration. Remarkably, one of the two experiments for
250 mmol/L NaCl did not result in any traces increasing above
their initial value over the 600 s experiment.

These experiments allow us to rule out the diffusion-limited
accretion of proteins on the RNA as an assembly pathway for at
least some of these conditions. If assembly were purely diffusion-
limited (43), then we would expect the onset of assembly to vary
only with the concentration of protein. Instead, our results show
that the start times vary with ionic strength at the same protein
concentration.

The variation in start times points to a free-energy barrier to
protein accretion on the RNA—in other words, a nucleation bar-
rier (25). In classical nucleation theory, the barrier is associated
with an initially unstable cluster—here, of proteins—becoming
large enough that subsequent proteins bind favorably (44).

https://doi.org/10.1073/pnas.2206292119

Because nucleation is a stochastic process, the time required to
form a sufficiently large cluster varies from particle to particle
(45, 46). These timescales are reflected in our start-time measure-
ments. The observation that the distribution of start times broad-
ens and shifts to larger values as RNA—protein interactions are
weakened (but protein—protein interactions are not significantly
changed) reveals that nucleadon in BMV is a heterogeneous pro-
cess, driven at least in part by attractive interactions between the
RNA and the assembling proteins.

For the strongest RNA—protein interactions, there is no
obvious evidence of a nucleation barrier: At 84 mmol/L NaCl,
the traces have nearly identical start times, as shown in the
top row of Fig. 3. At these conditions, we see that the final
intensities of the traces, a measure of the number of proteins
attached to the RNA, increase with increasing protein concen-
tration. Moreover, the final intensities tend to decrease with
decreasing RNA-protein interaction strength. This result is
qualitatively consistent with our TEM measurements, which
show heterogeneous, malformed, larger-than-wild-type par-
ticles for the strongest RNA—protein interactions (see struc-
tures highlighted by arrowheads in Fig. 2D), and increasingly
homogeneous, spherical, roughly wild-type-size particles as the
RNA-—protein interaction strength decreases. Understanding
why the assembly products vary with RNA-protein interac-
tion strength requires a more quantitative analysis of the
assembly kinetics, and in particular how nucleation rates com-
pare to growth rates.

The shapes of the assembly traces reveal differences between
nucleation and growth phases. To extract quantitative informa-
tion from each recorded trace, we analyze the traces as shown in
Fig. 4 to determine three kinetic parameters: the final intensity
(Zf), the start time (%), and the growth time (z,). The values of
these parameters for experiments with 0.135 pmol/L CP, and
varying ionic strength are shown as histograms in Fig. 5.

pnas.org
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Fig. 3. Single-particle measurements reveal qualitative differences in the assembly kinetics with varying ionic strength and protein concentration. Plots of
traces showing intensity as a function of time from iSCAT experiments. Each trace represents the assembly of a single particle consisting of the BMV coat
protein and BMV RNA. We show nine randomly selected traces at each condition (the complete set of traces is shown in S/ Appendix). The bars to the right

of the traces show the range of intensities that are consistent with a full capsid.

Consistent with our qualitative analysis of the traces, the
start-time histograms show that decreasing the strength of
RNA-protein interactions increases the median start times and
broadens their spread, as quantified by the median absolute
deviation (MAD) (Fig. 54). We find that the median start
times increase by more than a factor of 6 and that the MAD of
start times increases by more than a factor of 14 when we
weaken the RNA—protein interactions by increasing the NaCl
concentration from 84 mmol/L to 250 mmol/L (Fig. 54). By
contrast, the growth times and final intensities are more nar-
rowly distributed and less affected by changes in RNA—protein
interactions, showing an increase by a factor of roughly 1.5 in

PNAS 2022 Vol.119 No.39 2206292119

the median growth times and no increase in the MAD of the
growth times (Fig. 5B). The median final intensities show a
corresponding decrease in particle size by factor of more than
1.5 (Fig. 50).

These results show that RNA-protein interactions primarily
affect the nucleation phase of the assembly pathway and only
weakly affect the growth phase, if at all. Specifically, stronger
RNA-—protein interactions reduce the characteristic nucleation
time until, at sufficiently large interaction strengths, all particles
begin to assemble in apparent synchrony and it is no longer
possible to tell if the assembly pathway is nucleated. We discuss
this point in more detail in the Discussion.
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Fig. 4. Extracting quantitative information from the assembly traces: Iy, t,
and z;. An intensity trace of the assembly of a single particle (black curve, cor-
responding to the boxed particle in Fig. 1C) can be fit (red curve) to a piece-
wise function I(t) =l fort<ts; I(t)=1lo + If Q —exp[—(t— ts)/rg]> fort>t,
where [ is the initial intensity (which can be offset from zero because of
microscope drift), I is the final intensity, ¢ is the start time (the time at which
the trace begins to rise from its initial value), and zg is the growth time (the
time for the trace to reach (1-1/e) = 0.63 of its final value once it has started
increasing). The exponential function is not intended to imply a particular
assembly mechanism (such as Langmuir adsorption) but rather is chosen
because it is a simple function that fits the data well for most traces, allowing
us to extract a characteristic growth timescale. In this way, we determine a
set of three kinetic parameters, It ts, and 7, for each assembling particle.

To gain further insights into the nucleation kinetics, we
examine the effect of protein concentration on the start-time dis-
tribution. We plot the MAD of start times, sap, for each pro-
tein concentration and each RNA-protein interaction strength
(corresponding to values of the NaCl concentration) in Fig. 6A4.
In principle, the slope a of the fitted line represents the expo-
nent in a power-law scaling napxc™*, where ¢ is the protein
concentration. We find that for intermediate RNA—protein
interaction strength (corresponding to 167 mmol/L NaCl), the
measured start times become much more narrowly distributed as
the protein concentrations increase, scaling with an exponent
a = 1.5 + 0.2. These results are once again consistent with
assembly being a nucleated process—at higher protein concentra-
tions, mass action drives more proteins onto the RNA, favoring
larger clusters and shortening the time needed to form a nucleus.

In contrast, for strong RNA-—protein interactions (corre-
sponding to 84 mmol/L NaCl), the start times remain narrowly
distributed for all protein concentrations tested. Because the
experimental uncertainties in our start-time measurements are
on the order of seconds, small absolute differences in MAD val-
ues are not statistically significant and estimates of the slope a
of the fitted line in Fig. 64 are less reliable. Thus, the distinc-
tion between nucleation and diffusion-limited aggregation
becomes blurred. While it is possible that nucleation is occur-
ring on a timescale too fast for us to measure, it is also possible
that strengthening RNA-protein interactions qualitatively
changes the assembly pathway such that it is no longer nucle-
ated. We discuss these results further in the Discussion.

The growth kinetics are much less affected by varying either
the protein or NaCl concentration, as shown in Fig. 6B. For all
but one of the conditions tested, the median growth times differ
by a factor of 2.5 at most. Only for 0.043 pmol/L CP, and
84 mmol/L NaCl does the median growth time extend to 100 s.
And while the median growth times tend to decrease with
increasing protein, the amount by which they decrease appears
constant for all RNA—protein interaction strengths, as seen by
the slopes of the best-fit lines in Fig. 6B (slopes are 0.7 + 0.3 at
84 mmol/L NaCl and 0.5 = 0.1 at 167 mmol/L NaCl). Thus,
while protein concentration seems to have a large effect on the
start times, it has a much weaker effect on the growth times.
Likewise, while RNA—protein interaction strength has a large
effect on the start times, it does not significantly affect the
growth times.

These results may explain why larger particles are favored at
higher protein concentrations for all RNA-protein interactions
tested and at stronger RNA—protein interactions for all protein
concentrations tested. These trends can be seen in the heat map
shown in Fig. 6C. In both cases—increasing protein concentra-
tion and increasing RNA-protein interaction strength—the
nucleation times decrease relative to the growth times. Multiple
nucleation events can therefore happen on the same RNA before
any given nucleus has time to grow into a full capsid. Conse-
quently, malformed structures consisting of muldple partially
assembled capsids can occur. Indeed, the electron microscope
images in Fig. 2D show aggregates consisting of multiple capsid-
like fragments that have the same curvature as the wild-type
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Fig. 5. RNA-protein interactions strongly affect nucleation but only weakly affect growth. Histograms of start time (&), growth time (zg), and final intensity

(If) are plotted for three experiments with 0.135 umol/L CP, and either 84 mmol/L, 167 mmol/L, or 250 mmol/L NaCl. (A) Start times t; increase and broaden
with decreasing RNA-protein interaction strength. (B) Growth times z, are less affected by RNA-protein interactions. (C) The final intensity /; decreases with
decreasing RNA-protein interaction strength. The bold portion of the x-axis in (C) shows the size range for full capsids. In (A-C), the median (Med.) and
median absolute deviation (MAD) of each fit parameter are listed. Both the median and MAD are robust to outliers that arise from the few traces that are fit
poorly by the piecewise function (see S/ Appendix).
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Fig. 6. Experiments at varying protein concentration suggest that nucleation occurs by a collective process involving multiple proteins, while growth occurs
by a lower-order process. (A) A log-log plot of the spread of start times as a function of protein concentration and RNA-protein interaction strength
(squares: 84 mmol/L NaCl; triangles: 167 mmol/L; circles: 250 mmol/L NaCl). Duplicate measurements are plotted for each set of conditions except for
250 mmol/L NaCl and 0.135 pmol/L CP,, in which one of the duplicates did not yield assembly during the 600 s measurement time, and 250 mmol/L NaCl
and 0.043 pmol/L CP,, which was not tested. Lines have been fit to the data from the 84 mmol/L and 167 mmol/L NaCl experiments to show how the depen-
dence on protein concentration becomes steeper at higher NaCl (no line is fitted to the 250 mmol/L data because only two protein concentrations were
tested at that NaCl concentration). (B) Log-log plot of the median growth times shows a concentration dependence that is roughly the same for all ionic
strengths (rectangles: 84 mmol/L NaCl; triangles: 167 mmol/L; ovals: 250 mmol/L NaCl). The height of the marker shows the MAD of each measurement.
(C) Heat map of the median final intensity + the MAD, normalized by the intensity of a full capsid, of each duplicate measurement (duplicates are separated
by commas). The darkness of the gray color represents the magnitude of the average of the two median intensities. While the intensities tend to increase
with increasing protein and decreasing NaCl, many of the assembled particles do not reach the size range of a full capsid (0.75-1.25), indicating that they
are missing proteins. These smaller particles might have partial capsids that fail to completely close around the tethered RNA strand.

virus. The number and size of these aggregates decrease with  growth proceeds monotonically for nearly all traces, except for

decreasing RNA—protein interaction strength. some small dips in the traces that are consistent with mechani-
cal drift in the microscope (Fig. 7 A and B).

Discussion These results raise the question of how either BMV or MS2 is
able to grow so rapidly, in a way that ensures that the capsid has

We discuss our results for the self-assembly kinetics of individ-  the correct curvature, from such an apparently small nucleus.

ual BMV particles in comparison with previous results using ~ Nucleation by itself cannot solve the Levinthal paradox of virus
the same technique to study bacteriophage MS2 (25), focusing  assembly because the nucleus is too small to dictate the forma-

first on their similarities. By highlighting similarities in the  tion of a 7'= 3 structure during growth. Yet following nucle-
assembly kinetics, we aim to identify common features of the  ation, both BMV and MS2 display essentially monotonic
assembly process that might be found in other RNA viruses. growth to the size of a full capsid, with litde if any disassembly

The assembly traces for BMV are strikingly similar to those  or backtracking along the way. Furthermore, the curvature of

previously reported for MS2 (Fig. 7) when RNA—protein interac-  the assembly products observed by TEM is similar to that of
tions in BMV have been sufficiently weakened by high ionic  wild-type capsids even when the products are malformed aggre-
strength (167 mmol/L or 250 mmol/L NaCl). For both viruses, gates of partially assembled capsids. How, then, do the coat pro-

we observe 1) broad distributions of start times that narrow with teins add to a growing nucleus, forming both the pentamers and
increasing protein concentration, consistent with a nucleation hexamers needed for the proper curvature, with relatively few
step; 2) growth times that decrease with increasing protein con- stalling events and without needing to detach from the particle?

centration but decrease less rapidly than the start times, consistent A recent hypothesis is that specific subsequences on the RNA
with growth involving a lower-order process; and 3) increases in mediate the growth process to produce the correct curvature and
the fraction of overgrown particles with increasing protein con-  structure. These subsequences are sometimes called packaging

centration, with overgrown particles consisting of aggregates of ~ signals—a term that has come to refer to any elements of the
partially formed capsids. We note that the concentration of coat ~ RNA structure that have a high local affinity for coat protein. A
protein used in the assembly of MS2 is roughly a factor of 10 model for MS2 assembly has been proposed in which upward of
higher than that used with BMV, reflecting the stronger overall 60 strategically positioned packaging signals (18, 47) guide the
binding affinity of the BMV coat protein for RNA. assembly of the coat proteins. While not providing direct evidence

Another interesting similarity between BMV and MS2  in support of this model, high-resolution cryoelectron microscopy
assembly is that the apparent critical nucleus size is small—a  studies of MS2 and Qf particles show approximately one dozen
few dimers—in both cases. We estimate this nucleus size from  specific interactions between the RNA genome and its surround-
the amplitude of the fluctuations prior to the start time, as dis- ing protein capsid (31, 32, 48-50), suggesting that packaging
cussed in ST Appendix. In nearly all traces under conditions of  signals play a role in ordering the genome. But BMV is different.
moderate to weak RNA—protein interactions (167 mmol/L or ~ The absence of such order in the structure of the packaged BMV
250 mmol/L NaCl), these fluctuations are comparable to the  genome (51), and the lack of evidence of strategically positioned
noise level, which corresponds to the intensity of a few CP,. packaging signals in BMV RNA, weigh against there being a gen-

We use the term “apparent critical nucleus size” because averag- eral paradigm that depends on a special distribution of specific
ing reduces our ability to observe large subcritical fluctuations. RNA-protein interactions.
Nonetheless, this small apparent critical nucleus is comparable It is therefore interesting that we observe similar assembly

to that observed for MS2, and for both viruses we find that kinetics for BMV and MS2. Our measurements suggest that
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Fig. 7. Comparison of the assembly traces for BMV and MS2 reveals similar
nucleation-and-growth kinetics. (A) BMV assembly traces for 0.043 pmol/L
protein and 167 mmol/L NaCl. (B) For comparison, we show traces
recorded for bacteriophage MS2 assembly under conditions of 2 pmol/L
protein and 84 mmol/L NaCl (data from reference [25]). Both sets of traces
reveal a broad distribution of start times followed by rapid and monotonic
increases in intensity. In both sets of traces, most traces plateau to a final
value that is roughly consistent with a full capsid, with several traces pla-
teauing to larger values. The bars to the right of the traces show the range
of intensities that are consistent with a full capsid. These ranges are differ-
ent for MS2 and BMV, reflecting the different molecular masses of their
coat protein.

whatever role packaging signals play in the self-assembly of
these two viruses, their effect appears to be at most quantitative,
with the qualitative features of the assembly process determined
by general nonspecific interactions between the assembling pro-
teins and the RNA. Determining the quantitative effects of
packaging signals will ultimately require kinetic experiments in
which the RNA sequence and structure are controlled (52).
However, our experiments suggest that one should look to
protein—protein interactions and intraprotein forces, rather
than RNA-protein interactions, to understand how the capsid
grows after nucleation. We find that the median growth time
does not vary with NaCl concentration (Fig. 5B), indicating
that RNA—protein interactions are not involved in the rate-
limiting step of the growth phase of assembly and that either
diffusion, protein—protein interactions, or intraprotein forces
must therefore direct the rate-limiting step.

We glean additional information about the rate-limiting step
from how the growth time depends on the protein concentration.
We expect a scaling exponent equal to one if diffusion is rate lim-
iting. By contrast, an exponent smaller than one might reflect a
rate-limiting step that requires a change in conformation—either
within the incoming subunit (53, 54) or between other subunits
in the growing particle (55). At 84 mmol/L NaCl, the scaling
exponent (0.7 = 0.3; Fig. 6B) is consistent with diffusion-limited
growth. At 167 mmol/L NaCl, the exponent (0.5 + 0.1; Fig. 6B)

https://doi.org/10.1073/pnas.2206292119

leaves open the possibility of a more complex growth mechanism.
Additional experiments over a broader range of concentrations
could help pin down the precise relationship between growth
time and protein concentration, which could help distinguish the
operative mechanism.

Thus far we have discussed the similarities between BMV and
MS2 assembly, but there are differences that arise when
RNA-—protein interactions are strong. At 84 mmol/L NaCl and
0.043 pmol CP,, experiments on BMV assembly show a small
spread in start times and relatively large growth times (see
upper-left plot in Fig. 3). With MS2, we found that when the
spread in start times is smaller than the average growth time,
many oversized structures form. Our interpretation is that muldi-
ple nucleation events occur on the same RNA strand before the
first nucleus can grow and sequester the RNA. With BMV, we
observe similar overgrown structures but only at a higher protein
concentration (Fig. 2D). We do not observe a significant num-
ber of overgrown structures at a low protein concentration. One
possible explanation is that assembly is diffusion-limited when
RNA-protein interactions are strong, occurring with no nucle-
ation barrier, and that the small observed variation between
traces is due to measurement noise. Alternatively, it is possible
that the assembly is nucleated but the nucleation time is too
small to resolve. In SI Appendix, we perform simulations to
determine whether our measurements are consistent with any of
the above scenarios—a diffusion-limited pathway subject to
measurement noise or a nucleated pathway with a small nucle-
ation time. These simulations suggest that our measurements are
consistent with either of these pathways. Thus, additional experi-
ments that can resolve smaller spreads in start times are needed
to determine the assembly pathway when RNA—protein interac-
tions are strong,.

There also remains the question of if and when an ordered
capsid arises from the RNA—protein complex. Interferometric
scattering measurements do not address this question because
the intensity depends primarily on the number of RNA-bound
proteins and weakly, if at all, on their structure (27). There are
at least two possible pathways leading to traces that do not
show a clear separation between nucleation and growth. One is
a barrier-less formation and growth of partially to completely
ordered capsids, and the other is a barrier-less accretion of dis-
ordered proteins, followed by the onset of order among the
bound proteins. These pathways cannot be distinguished in
iSCAT because the measurement is blind to the onset of order.
The same is true even when there is a clear separation between
nucleation and growth processes. Here we observe a barrier to
protein accretion, but it is possible that the proteins are not
ordered. An analogous situation occurs in a bulk phase transi-
tion when gas-to-solid condensation takes place through a
liquid-state intermediate. Thus, while our measurements can
definitively resolve the presence of a barrier to protein accre-
tion, future structural measurements are needed to distinguish
whether the barrier involves ordered or disordered proteins.

Conclusions and Future Directions

The iSCAT experiments, with their high temporal resolution
and ability to resolve the kinetics of assembly of individual viral
capsids, offer the most detailed view to date of virus self-
assembly pathways. Although iSCAT cannot reveal at what
stage the capsid becomes ordered, much information can be
gleaned by combining the technique with electron microscopy
and bulk assays, as we have shown.
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These experiments have shown that when RNA—protein bind-
ing is weak, the assembly kinetics of BMV are similar to those of
MS2, involving a nucleation phase in which small numbers of
proteins bind to the RNA, followed by a monotonic growth phase
in which a capsid-worth of proteins steadily accrues. When
RNA-protein binding is strong, we observe no clear barrier to
protein accretion and hence no separation between nucleation and
growth. Because our method may obscure nucleation events that
occur on fast timescales, future studies are needed to determine
whether for strong RNA—protein interactions there is a quali-
tatively different assembly pathway involving a saturated—
“en masse” (15, 56)—adsorption of proteins on the RNA.

When the assembly is nucleated, we have shown that the
time required to form a nucleus depends strongly on the
strength of RNA-protein interactions, whereas the time needed
to accrue a capsid-worth of proteins does not, suggesting that
the RNA plays a more central role in the nucleation phase than
in the growth phase. These results are consistent with protein
accretion being a heterogeneous process in which subcritical
protein clusters form on—and are stabilized by—the RNA.
This role of the RNA degree of freedom—involving both
RNA-protein binding and the conformation of the RNA itself
(57)—compromises the notion of the nucleus being a fixed
arrangement of coat proteins, such as a hexamer (58) or a pen-
tamer (59) of dimers, although the uncertainties in our meas-
urements cannot rule out this possibility. Future structural
experiments, or kinetic experiments that address a broader
range of timescales, may clarify whether the RNA enables dif-
ferent nucleus structures in different conditions.

Our experiments also reveal important features of the growth
process. The shapes of the iSCAT traces show that growth can
take place rapidly and without significant errors starting from
an apparently small critical nucleus of only a few proteins.
Furthermore, the weak dependence of growth times on NaCl
concentration suggests that RNA—protein interactions do not
control the kinetics of the growth phase and that
protein—protein interactions and intraprotein forces may there-
fore direct the local curvature of the capsid and the emergence
of the 7'= 3 structure. These results are compatible with simu-
lations and theory showing that the growth of a 7= 3 structure
is driven by minimization of the elastic energy of the capsid
(60, 61), which in general is related to the stretching and bend-
ing of coat-protein dimers as well as of the bonds between
them. The elastic-energy hypothesis could explain why BMV
and MS2 show similar assembly pathways.

To test this hypothesis, future experiments and analysis
might focus on the growth process rather than nucleation.
Recently, BMV and MS2 capsids of different sizes and symme-
tries have been observed (62-66). Experiments that determine
how such malformed or overgrown capsids form would shed
light on the interactions that control growth. Another useful
next step is to develop coarse-grained computer simulations of
the growth process (67-69). With such models, it would be
possible to directly compare ensembles of simulated kinetic
traces to the ensembles of traces measured with iSCAT. Agree-
ment between these simulations and our data would point the
way toward a detailed mechanism of the capsid formation
process.

The commonalities in the in vitro assembly pathways of
BMYV and MS2 are remarkable in light of the vast phylogenetic
distance between these viruses, their different RNA structures,
and the differences in the specificity and strength of
RNA-protein interactions. Such commonalities could reflect
biological functions that are important for replication. For
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example, a free-energy barrier to nucleation could serve to delay
RNA encapsulation until many copies of the viral proteins and
genome have been produced. However, we do not know if the
in vitro pathways we measure are operative in vivo, and there is
reason to suspect that at least for MS2, there may be differences
between the in vitro and in vivo pathways. The in vitro assem-
blies of MS2 are reconstituted from viral RNA and coat protein
alone, whereas the wild-type MS2 particles assembled in vivo
contain a single copy of a different gene product—the 44 kDa
maturation protein—that replaces a coat protein dimer and
breaks icosahedral symmetry.

Nonetheless, the existence of two different icosahedral, 7= 3
capsids that assemble in vitro in similar ways is intriguing from
both a physical and evolutionary perspective. From a physical
perspective, this result suggests that the assembly of 7 = 3
viruses might be understood through a general physical theory.
From an evolutionary perspective, it highlights the question of
how icosahedral viruses with quasi-equivalent (7" > 1) capsid
subunits evolved. In MS2, for example, a single point mutation
in the coat protein changes the structure of the capsid from
T=3t T'=1 (66). Because capsids are self-assembled, such
mutations can in principle also change the assembly pathway.
Future studies might use interferometric scattering to explore
how mutations affect the assembly of virus-like particles from
different virus families, with the aim of discovering whether
there are conserved interactions that promote robust assembly
of the 7'= 3 structure.

Materials and Methods

Buffers used. Disassembly buffer: 50 mmol/L Tris-HCI, pH 7.5; 500 mmoliL
CaCl,; 1 mmol/L EDTA; 1 mmol/L DTT; 0.5 mmol/L PMSF. Protein storage buffer:
20 mmol/L Tris-HCl, pH 7.2; 1 mol/L NaCl; 1 mmol/L EDTA; 1 mmol/L DTT;
1 mmol/L PMSF. TAE buffer with NaCl: 40 mmol/L Tris-HCI, pH 8.3; 20 mmol/L
acetic acid; T mmol/L EDTA; and 84 mmol/L, 167 mmol/L, or 250 mmol/L NaCl.
Assembly buffer: 42 mmol/L 2-(N-morpholino)ethanesulfonic acid (MES), pH 6;
84 mmol/L, 167 mmol/L, or 250 mmol/L NaCl; 8.4 mmol/L MgCl,; 3 mmol/L
acetic acid. For DSF measurements, we also prepared assembly buffer at pH 7
by replacing MES with sodium phosphate.

Synthesis of BMV RNA1. BMV RNAT (3,234 nucleotides) was made by in vitro
transcription of the DNA plasmid pT7B1, linearized with BamHI (New England
Biolabs),* with a T7 polymerase transcription system (Thermo Fisher) and puri-
fied with an RNEasy Mini Kit (Qiagen, DEU), both following the manufacturers’
specifications.

BMV coat protein purification. BMV was purified from infected barley leaves
(Hordeum vulgare) (70), and coat protein (189 aa, MW = 20,255 Da) was puri-
fied as described previously (71). We disassembled purified BMV particles by
dialyzing against disassembly buffer at 4 °C overnight. We pelleted the RNA and
isolated the coat protein by ultracentrifugation at 90,000 rotations per minute
for 100 min at 4 °C in a Beckman TLA110 rotor. Coat protein was extracted from
the supernatant and immediately dialyzed against the protein storage buffer.
We used ultraviolet (UV) spectrophotometry to assess protein concentration and
purity; only protein solutions with 260/280 ratios less than 0.6 were used for
assembly. Protein was frozen in liquid nitrogen and stored at —80 °C until ready
to use, at which point it was defrosted on ice and stored at 4 °C for up to 2 wk.

iSCAT mass photometry measurements. A solution of 3.5 pg/mL BMV coat
protein in assembly buffer with either 84 mmol/L, 167 mmol/L, or 250 mmol/L
NaCl was let to sit for 1 h at room temperature. We then diluted the protein
solution two-fold by adding it to a drop of the corresponding assembly buffer sit-
ting on top of an untreated glass coverslip. Proteins from the drop bound

*Certain commercial materials and equipment are identified in order to adequately spec-
ify the experimental procedure. Such identification does not imply recommendation by
the National Institute of Standards and Technology.
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nonspecifically to the glass surface and were imaged with a Refeyn TwoMP iSCAT
microscope (Refeyn Ltd.). The change in intensity associated with each binding
event was measured. We performed each experiment in triplicate at each buffer
condition. To infer the molecular mass of a binding particle, and thus the num-
ber of 20 kDa coat-protein monomers within it, we compare its measured inten-
sity to a calibration curve consisting of intensity measurements of three mass
standards: 66 kDa BSA (Thermo Fisher) and 272 kDa trimers and 545 kDa hex-
amers of jack bean urease (MilliporeSigma). The resulting size distributions were
normalized such that the area under each curve was equal to one. Each distribu-
tion reflected > 15,000 binding events.

Nitrocellulose-binding assay. Fluorescently labeled 20U RNA at a concentra-
tion of 4 nmol/L was mixed with 0.043 pmol/L BMV CP, in TAE buffer with either
84 mmol/L, 167 mmol/L, or 250 mmol/L NaCl and left for 30 min at room tem-
perature. The RNA was labeled at its 5'-end with an AlexaFluor647 dye (Inte-
grated DNA Technologies). Next, 250 pl aliquots of each RNA-protein mixture
were passed through a nitrocellulose membrane (0.45 um pore size; Thermo
Fisher) that was presoaked in TAE buffer with 250 mmol/L NaCl using a 96-well
dot-blot apparatus (Biorad) under weak vacuum. Then we washed the mem-
brane by passing through an additional 500 pl corresponding assembly buffer.
We quantified the amount of membrane-bound RNA at each NaCl concentration
by measuring the fluorescence emission intensity of the AlexaFluor647 dye
using a fluorescence scanner. The amount of protein bound to the membrane
was constant for all NaCl concentrations, as determined by staining with Ponceau
S solution (MilliporeSigma). Because protein is retained by the membrane but
free RNA is not, we took the intensity of membrane-bound RNA to be propor-
tional to the yield of RNA-protein binding.

DSF. Wild-type BMV was dialyzed against assembly buffer at pH 6 or pH 7 over-
night at 4 °C. Aliquots of wild-type BMV at a final concentration of 0.2 mg/mL,
2.5x SYPRO orange fluorescent dye (Molecular Probes), and a final NaCl concen-
tration of 85 mmol/L, 167 mmol/L, or 250 mmol/L NaCl were prepared. DSF was
performed in triplicate in a 96-well plate CFX Connect quantitative PCR machine
(Biorad). All samples were heated from 25 °C to 95 °C, in 1°C increments with
a 1-min stabilization period at each temperature before the sample was mea-
sured. Excitation/emission wavelengths of 470/550 nm were used to detect the
fluorescence emission of SYPRO orange binding to hydrophobic regions of coat
protein exposed upon capsid disassembly. The apparent melting temperature
was defined as the temperature at which the derivative of the fluorescence emis-
sion signal (—d!/dT) is maximal.

Negative-stain electron microscopy. Negative-stain electron microscopy
was used to image the protein structures that assemble around RNA in solution.
We carried out the assembly reaction in assembly buffer by mixing 860 nmol/L
BMV CP, with 7.5 nmol/L BMV RNAT and incubating at room temperature for
10 min. We deposited 6 pL assembly reaction on glow-discharged carbon-coated
copper (200-mesh) PELCO Pinpointer grids (Ted Pella). After 1 min, the grids
were blotted with Whatman filter paper and then stained with 6 ulL 2% uranyl
acetate for 1 min followed by complete stain removal and storage in a desiccator
overnight. Micrographs were acquired using a Tecnai G2 TF20 High-Resolution
electron microscope (FEI) with an accelerating voltage of 200 kV. Images were
collected at 3 pm to 4 pm underfocus with a TIETZ F415MP 16-megapixel CCD
camera (4,000 by 4,000 pixels, pixel size 15 pm).
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iSCAT assembly kinetics measurements. Time-resolved iSCAT measure-
ments of capsid assembly were performed with a custom-built iSCAT microscope,
as described in detail in reference (25) and the accompanying S/ Appendix to ref-
erence (25). In brief, a spatially filtered, 450-nm diode laser was coupled into an
oil-immersion objective to illuminate a small region of the coverslip with a colli-
mated beam. Three-dimensional active stabilization was used to extend the mea-
surement duration.

Coverslips were functionalized with a layer of PEG molecules, approximately
1% of which were functionalized with a 20-base DNA strand (5'-GGTT
GGTTGGTTGGTTGGIT-3'), to which BMV RNA1 strands were tethered with a
60-base DNA linker strand (5’-CCGTGGTCGACAAGGGATTGAACCTCGTTCCGTGGTC
TACAACCAACCAACCAACCAACC-3'). The 40 bases at the 5-end of the linker
strand bound the 5’-end of BMV RNA1, and the remaining 20 bases bound the
surface-tethered DNA. Previously, we showed that ordered BMV capsids can
assemble around tethered RNA, with the DNA linkage poking out of the capsid
through a defect too small to visualize by TEM (26).

Assembly kinetics experiments were performed at room temperature in assem-
bly buffer with 84 mmol/L, 167 mmol/L, and 250 mmol/L NaCl and protein con-
centrations of 0.043 pmol/L, 0.135 pmol/L, and 0.427 pmol/L BMV CP,. The
diffraction-limited spot size was ~150 nm, much larger than either a BMV particle
or BMV RNAT1 (35). For each assembling particle, we manually located the center
and measured the mean intensity in a circle of radius 1 pixel about that center. We
estimated the intensity range of full BMV capsids by scaling the measured intensity
range for MS2 capsids (25) by the relative mass of BMV and MS2 capsids.

Data, Materials, and Software Availability. All iSCAT intensity data are
included as SI Appendix. The raw movie files from which we extracted the inten-
sity data will be made available upon request.
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