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All viruses on Earth rely on host cell ma-
chinery for replication, a process that in-
volves a complex self-assembly mechanism.
Our aim here is to scrutinize in real time
the growth of icosahedral viral nucleocapsids
with single-molecule precision. Using total in-
ternal reflection fluorescence microscopy, we
probed the binding and unbinding dynamics of
fluorescently-labeled capsid subunits on hun-
dreds of immobilized viral RNA molecules si-
multaneously at each time point. A step-
detection algorithm, combined with statistical
analysis, allowed us to estimate microscopic
quantities such as the equilibrium binding rate
and mean residence time, which are other-
wise inaccessible through traditional ensemble-
averaging techniques. Additionally, we could

estimate a set of rate constants modeling the
growth kinetics from nonequilibrium measure-
ments, and we observed an acceleration in
growth caused by the electrostatic screening ef-
fect of monovalent salts. Single-molecule fluo-
rescence imaging will be crucial for elucidating
virus self-assembly at the molecular level, par-
ticularly in crowded, cell-like environments.

Keywords

Self-assembly, virus, fluorescence microscopy,
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The recent pandemic recalls in a vivid manner
that viruses can cause significant global health
and economic crises. Incapable of replicating on
their own, viruses hijack the host cell’s machin-
ery to produce large quantities of their compo-
nents, which then self-assemble into new, highly
ordered virus particles. These particles go on
to infect other cells, potentially leading to cell
death. Viruses are made up of genetic mate-
rial — either DNA or RNA — encased in one
or more protein shells known as capsids, and
sometimes enveloped in a lipid membrane. Re-
markably, despite the dense and complex nature
of the cytoplasmic environment, these newly
synthesized molecular components manage to
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self-assemble into infectious viral particles with
near atomic-scale precision. Furthermore, the
survival of a virus depends on its ability to
package its own genome, even though the cell’s
interior is filled with a multitude of nucleic
acids essential for cellular functions. There-
fore, understanding the complexity of virus self-
assembly requires integrated, quantitative ap-
proaches that lie at the intersection of virology,
statistical physics, and nanotechnology. !

The simplest spherical viruses co-assemble
their capsids, which are made up of multi-
ple copies of the same polypeptide chain, to-
gether with their genome, which consists of one
or more segments of single-stranded (ss)RNA.
An overview of the other mechanisms related
to various viral systems can be found else-
where.! Molecular dynamics simulations have
revealed two main assembly pathways.? In the
first pathway, RNA stabilizes interactions be-
tween capsid subunits, leading to shell forma-
tion through a nucleation and growth process.
In the second pathway, subunits rapidly bind to
the RNA, creating an amorphous nucleoprotein
complex that later anneals into an ordered cap-
sid via a disorder-to-order transition.* Various
experimental studies using ensemble-averaging
techniques, including static light scattering®’
and time-resolved small-angle X-ray scattering
(TR-SAXS),® 15 have been conducted to under-
stand the nature of short- and long-lived inter-
mediates during the assembly and disassembly
of empty capsids. However, fewer studies have
focused on the presence of nucleic acids, even
though TR-SAXS has allowed the observation
of both of the previously mentioned pathways
under varying physicochemical conditions. 618

Ensemble-averaging techniques typically of-
fer high spatiotemporal resolution for probing
processes but fall short in revealing the sta-
tistical variability of observables across differ-
ent nano-objects. In contrast, single-molecule
and single-particle methods allow for mon-
itoring processes in individual nano-objects,
though this often comes with reduced reso-
lution. For instance, mass spectrometry, %2
atomic force microscopy,?! and resistive-pulse
sensing???* have showcased the wide range of
metastable intermediates associated with icosa-

hedral empty capsids. High-speed atomic force
microscopy has resolved the contacts between
capsid subunits on a substrate in real time
and at the molecular level,?>2¢ while optical
tweezers?® have quantitatively measured the
forces involved in nucleic acid packaging dur-
ing co-assembly. Fluorescence correlation spec-
troscopy?” has been used to track the growth
of nucleocapsids, and cryotransmission electron
microscopy has elucidated the nanometer-scale
morphology of end-products, highlighting spe-
cific defects in capsid symmetry.?®3% Recently,
Garmann and coworkers developed an interfer-
ometric scattering microscopy-based?! single-
particle assay that can simultaneously moni-
tor the formation of multiple nucleocapsids in
real time.3*33 They observed a notable lag time
in particle growth at weak subunit-RNA inter-
actions, providing direct evidence for a nucle-
ation step. This lag time disappeared when the
interactions between subunits and RNA were
stronger, consistently with a reduction in the
energy barrier.

Our objective was to go beyond this tech-
nique by probing the self-assembly dynamics
at the level of individual subunits, a resolu-
tion that interferometric scattering microscopy
could not achieve due to its insufficient signal-
to-noise ratio. To accomplish this, we imple-
mented total internal reflection fluorescence mi-
croscopy (TIRFM), enabling us to detect in real
time the binding and unbinding events of indi-
vidual fluorescently-labeled subunits simultane-
ously across multiple RNA molecules.

The selected viral system was the cowpea
chlorotic mottle virus (CCMV), a multipar-
tite,>! non-enveloped, single-stranded (ss)RNA
plant virus of ~28 nm in diameter with 7" = 3
icosahedral symmetry.3® Four genomic RNA
segments are distributed across three distinct
viral particles in such a way that each one con-
tains approximately 3,000 nucleotides. When
purified capsid proteins in their dimeric form
— referred to as subunits — are mixed with
a genomic RNA segment at physiological pH,
amorphous nucleoprotein complexes are ini-
tially formed. These complexes can be progres-
sively ordered either by lowering the pH,3*36
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Figure 1: (a) Schematic representation of the coverslip functionalization. (b) Binding of green-
labeled single-stranded RNA to the surface and TIRF illumination in the green channel. (c) Injec-
tion of non-labeled and red-labeled capsid subunits and TIRF illumination in the red channel.

which decreases the net charge of the sub-
units,?” or by increasing the subunit concen-
tration, or equivalently, the chemical poten-
tial.# In all cases, amorphous nucleoprotein
complexes coexist with nearly complete nucle-
ocapsids through a phase separation process
reminiscent of disproportionation.®® All our
single-molecule experiments were conducted us-
ing CCMV subunits, and we selected the second
genomic RNA segment (C2; 2,767 nucleotides)
for twofold reasons: (i) it is representative of
the genomic content of native CCMV particles
in terms of number of nucleotides; and (ii) some
of us used it in the past to investigate the role
of RNA compactness in packaging process. 2839
We set pH to 6.1 to optimize surface passiva-
tion (see below) and confirmed that at sub-
micromolar concentrations of subunits, parti-
cles with masses close to that of native virions
were formed, alongside a broad collection of nu-
cleoprotein complexes (see Fig. S1 in the Sup-
porting Information).

The single-molecule experiments were con-
ducted in custom-built microfluidic cells which
included a glass coverslip at the bottom (Fig. S2
in SI). The first step involved developing a
surface functionalization strategy that allowed

us to immobilize fluorescently-labeled RNA
while preventing non-specific interactions be-
tween the subunits and the coverslip. We hy-
pothesized that these interactions were primar-
ily electrostatic: the N-terminus of a capsid
protein contains ten positively-charged amino
acids,® while the glass surface is negatively
charged at near-neutral pH.*' We passivated
the coverslip with a layer of a random graft
copolymer composed of a poly(L-lysine) back-
bone with poly(ethylene glycol) side chains
(PLL-¢g-PEG)*"* whom 20 % were modified
with biotin to create specific binding sites
(Fig. 1a).**® Viral ssRNA was hybridized
with two DNA linkers, one of which was bi-
otinylated and strongly attached to the bi-
otinylated PLL-¢g-PEG layer via NeutrAvidin
(Fig. S3 in SI). The second DNA linker was
labeled with a green fluorophore (ATTO 565).
Prior to the addition of subunits, NeutrAvidin
and labeled ssRNA were injected, and the po-
sitions of the labeled ssRNA were localized us-
ing the green channel of the TIRF microscope
(Fig. 1b). Subsequently, we introduced into the
medium capsid subunits, whom ~10 % were
red-labeled (ATTO 647N, see Supporting In-
formation for justification). Finally, a series of
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(a) TIRFM image of green-labeled ssRNA. (b) Series of N TIRFM images in the red

Figure 2:
channel to detect red-labeled capsid subunits. (c¢) Colocalizations in yellow between labeled RNA
and red-labeled subunits. (d) Evolution of the fluorescence intensity emitted by red-labeled capsid
subunits colocalized with a RNA molecule. The red trace is a fit with the Ruptures algorithm on

raw data. Scales bar are 10 pm.

N images were recorded using the red channel
(Fig. 1¢) with a sampling rate that depends on
the type of experiment being conducted.

Examples of fluorescence images showing
green-labeled ssRNA and red-labeled subunits
are depicted in Figs. 2a and 2b, respectively.
The red channel acquisition was recorded after
equilibrium was reached — i.e., 15 minutes af-
ter subunit injection — during 10 minutes with
0.375 second between each frame, using 25 nM
of subunits with a labeling ratio » = 10 %.
At the beginning, the positions of ssRNA were
detected, revealing approximately 1,700 poten-
tial assembly sites. Similarly, on the first im-
age in the red channel, we estimated around
3,200 binding sites of subunits. Although some
non-specific adsorption of subunits to the glass
coverslip was still present, we could accurately
identify colocalized spots, highlighted in yellow

in Fig. 2c. We followed these subunit-RNA in-
teractions through intensity variations, across
the N images recorded in the red channel,
which occurred on the RNA positions. An ex-
ample of the collected temporal traces is shown
in Fig. 2d. Control measurements confirmed
that the binding and unbinding events observed
on temporal traces were predominantly due to
interactions between labeled subunits and im-
mobilized ssRNA (see Supporting Information).
From the experiment associated to Fig. 2, we
observed that approximately 90 % of the RNA
spots exhibited at least one binding event of a
labeled subunit over the N = 1,600 acquired
images. To detect these spots, we identified
intensities in the red step-fit signal that ex-
ceeded the mean fluorescence h emitted by a
single fluorophore for at least two consecutive
images. This reference intensity was deter-
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Figure 3: (a) Schematic representation of the single-molecule events occurring within a viral nucle-
oprotein complex: binding, unbinding and bleaching of fluorescently-labeled subunits. (b) [llustra-
tion of the time evolution of the number of bound labeled subunits n on a given RNA molecule.
(c) Distribution of At,, and (d) n with 25 nM of subunits and r = 9.4 %. Poisson and exponential
laws are plotted respectively in red. (e) Variations of (n), (f) k'/c and (g) 7 as a function of
subunit concentration. Each grey line was obtained with a different batch of subunits and the red
curves represent the average. The labeling ratio is ~10 % for 5 and 25 nM of subunits, and 2.5 %
for 100 and 200 nM.

mined for each experiment by attaching single Detailed explanations on the functionality and

ATTO 647N molecules to the surface and ob-
serving their photobleaching. In this case, we
found A = 0.101 a.u (Fig. Sha in SI). Finally,
stepwise events were identified in noisy fluores-
cence traces (see e.g. Fig. 2d), by applying a
step-detection algorithm called Ruptures.4%5°

performance of the algorithm are provided in
the Supporting Information.

Our primary focus was on measuring mi-
croscopic quantities that characterize the
self-assembly dynamics of viral nucleoprotein
complexes but that cannot be captured by



ensemble-averaging methods. As depicted on
Fig. 3a, three single-molecule events can occur
within a nucleoprotein complex at each time
step: binding, unbinding and bleaching of a
labeled subunit, with rate constants k.., ky,
and k&, respectively. Fig. 3b illustrates the time
evolution of the number of bound labeled sub-
units n on a nucleoprotein complex, which can
be monitored via fluorescence. Since in our
experiments, the binding rate k., was much
smaller than the acquisition rate, the time be-
tween two consecutive binding events, noted
hereafter At,,, could be readily inferred from
step detection. When equilibrium has been
reached (Fig. S7 in SI), given that the bulk
concentration of subunits remains unchanged,
and assuming that k., and k, can be consid-
ered as constant, At,, follows an exponential
probability distribution:

p(Aton) - kon eXp(_konAton) (1)

with mean value (Ato,) = 1/kon (see Support-
ing Information for justification). Fig. 3¢ shows
a distribution of At,, obtained with 25 nM
of subunits (r = 9.4 %). By fitting the dis-
tribution with an exponential decay function,
we estimated At,, = 63 s and accordingly
kon = 0.016 £ 0.001 s~!. These results were
inferred from the analysis of ~6,600 temporal
traces —i.e. RNA spots — recorded on 1,600 im-
ages with a time interval of 0.375 second, start-
ing 15 minutes after the injection of subunits.
Similarly, the number of labeled subunits obeys
a Poisson law (see Supporting Information):

n n
p(n) = L0 )
with (n) = kon/kosr, and kog = ky + ky if photo-
bleaching has to be taken into account, kog = ky
otherwise. Fig. 3d depicts an histogram of the
number of labeled subunits on the first recorded
image, under the same experimental conditions
as in Fig. 3c. Notice that photobleaching did
not come into play here since the histogram
was built only with the first acquired image.
At 25 nM of subunits, (n) was estimated to be
2.6 £+ 0.2, which led to a mean residence time
T = 1/k, of 162 s. In other words, each subunit

spent nearly 3 minutes on average attached to a
RNA molecule. Moreover, with r = 9.4 + 0.4%,
we deduced the mean total number of subunits
(ntor) per RNA to be 27 4+ 2, which is approx-
imately one third of a fully-formed capsid of
90 subunits (7" = 3). This estimate was con-
sistent with measurements performed by mass
photometry at 25 nM of subunits (Fig. Slc in
Supporting Information). Finally, we estimated
the total binding rate constant of all subunits,
noted k' to be 0.17 £ 0.01 s™! which corre-
sponds to a binding event every 6 s.

Additional measurements carried out with
various subunit concentrations in the same
aqueous buffer pointed out the critical role of
concentration in the growth of nucleoprotein
complexes towards icosahedral nucleocapsids.
Indeed, Fig. 3e reveals an increase of (ne)
from ~15 subunits at 5 nM to ~78 subunits
at 200 nM. The binding rate constant k¢ di-
vided by the subunit concentration ¢ (in or-
der to normalize k!°" with the purely diffusion-
limited binding rate constant that scales as c)
dropped continuously with increasing ¢ (Fig. 3f)
most certainly because remaining binding sites
became less accessible as each RNA molecule
was increasingly populated with bound sub-
units. Similarly, the mean residence time 7
globally increased with ¢ (Fig. 3g) consistently
with the fact that bound subunits were more
prone to reside in nucleoprotein complexes with
a higher (ny) since they could make more con-
tacts with each other.

In the following experiment, we demonstrate
that this single-molecule methodology can also
provide valuable insights into nonequilibrium
dynamics. Figure 4a shows the time evolu-
tion of probability distributions p;(n) — the in-
dex i refers to as the image number — each
of which being inferred from 452 fluorescence
spots at each time step. The assembly experi-
ment was carried out with a subunit concentra-
tion of 25 nM (r = 10 %) and a time interval
between consecutive images At of 2 min, which
enabled to neglect photobleaching. The inset
depicts (n) and reveals that it took more than
15 min to reach equilibrium under these condi-
tions.



Returning to the binding/unbinding model
illustrated on Fig. 3a, the probability distri-
bution evolves according to a master equation
with rate constants depending on n (see Sup-
porting Information for justification) expressed
as

pir1(n) — pi(n) = pi(n — 1)Atken(n — 1)—
pi(n) Atkon(n) — np;(n) Atkog(n)+
(n+ Dpi(n + 1)Atkog(n +1). (3)

Note that kog(n) = ky(n) because the low ac-
quisition rate made photobleaching negligible.
This equation applied to the experimental p;(n)
(see Fig. 4a) collected between 0 and 20 min al-
lowed us to estimate ko, (n) and kog(n) by non-
negative least-squares minimization. Figs. 4b
and ¢ show the rate constants with their uncer-
tainties determined by bootstrapping the resid-
uals. Noticeably, the two rate constants peaked
about the equilibrium value of (n) (~3 in this
experiment). It is worth stressing that the rate
constants introduced earlier on Fig. 3 are es-
timates valid only near equilibrium. By con-
trast, kon(n) and kog(n) inferred from p;(n) give
a comprehensive mathematical description of
the growth kinetics through master equations
(Eq. 3), even though they suffer from high un-
certainties at large n because p;(n) vanishes.

Alongside equilibrium  experiments, we
adapted slightly the acquisition conditions to
study the initial steps of capsids assembly.
Here, a 25-minute acquisition (1,000 images,
time interval of 1.5 seconds) started immedi-
ately at the beginning of the subunit injection
(32.5 nM, r = 8 %). On Fig. ba, the fluo-
rescence intensity emitted by labeled subunits
attached to a single RNA reached its maximum
[hax around 10 minutes after subunit injection
in a buffer with 10 mM NaCl and a pH of 6.1.
Then, it decreased until 25 minutes which could
be explained either by red-labeled subunits
bleaching on the ssRNA or unbinding from the
latter. After 28 minutes, subunits were newly
injected (black arrow) and the 10-minute ac-
quisitions recorded did not highlight numerous
additional binding events which corroborate
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Figure 4: (a) Experimental probability distri-
butions p;(n) as a function of time for an as-
sembly experiment performed with 25 nM of
subunits and a labeling ratio r = 10 %. The
inset shows the mean value (n) versus time as
well as the corresponding mean total number

of subunits (nyy) = (n)/r. (b) Binding and
(¢) unbinding rate constants versus n estimated
from p;(n) between 0 and 20 minutes (vertical
dashed line in the inset of (a)). Error bars rep-
resent 68 % confidence intervals.

the stability of the nucleoprotein complexes
studied previously at equilibrium. This whole
behavior was also observed in 100 and 200 mM
NaCl but we used to notice a maximum of
fluorescence intensity reached sooner (Fig. S8
in SI). We collected the time at which I
was obtained for each RNA considered and a
shift towards small time values appeared when
the concentration of salt increased (Fig. 5b).
We computed the median time t,,cqian averaged
over several experiments at three different ionic
strengths (Fig. 5c¢). The continuous decrease
we observed, was inferred from the analysis of
respectively ~1,600 - 1800 and 300 signals.
The results derived from nonequilibrium ex-
periments indicated that binding events on ss-
RNA were eased with a greater salt concen-
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subunit concentration is 32.5 nM (r = 8 %) and the pH is set to 6.1.

tration. Nevertheless, seeing this evolution for
salt concentration higher than the physiological
one, raised some questions on how the interac-
tions between the genomic material and sub-
units were affected. If we consider two sim-
ple species, respectively with positive and neg-
ative charges, higher ionic strength should re-
duce their interaction. Such behavior has been
demonstrated in brome mosaic virus (BMV),
another ssRNA plant virus with 7' = 3 icosahe-
dral symmetry, where the delay before assembly
onset around RNA increased at higher salt con-
centrations for a pH of 6.1.3% However, despite
the 70 % homology between their amino-acid
sequence, those two viruses do not carry the
same charge. Indeed, while a CCMV subunit
has an isoelectric point (pl) of 4.8, the one of
BMYV is closer to neutrality with 6.5.5% There-
fore, in an aqueous buffer where the pH is 6.1,
the capsid protein of BMV is slightly positive
when it is negative for CCMV. This difference
in charges between CCMV and BMV subunits
may have a key role in the way subunit-RNA
interactions are affected when ionic strength
is modified. Future experiments with differ-
ent subunit and salt concentrations will be per-
formed to complete the evolution described by
Fig. 5c.

In summary, we have shown that TIRFM can

accurately probe in real time binding and un-
binding events of capsid subunits on viral ss-
RNA at the single-molecule level. Contrary
to ensemble-averaging techniques often used to
probe the self-assembly of viral nucleocapsids,
we have access to the variability of the number
of bound labeled subunits across hundreds to
thousands of assembly sites at each time step.
After data processing and statistical analysis,
microscopic quantities such as binding rate,
mean residence time, and rate constants can be
deduced, thus shedding light on the equilibrium
dynamics and growth kinetics.

The main limitation of our methodology
stems from the concentration of labeled sub-
units. The latter has to be low enough so that
the background fluorescence does not outshine
the signals of interest. Accordingly, we lowered
the labeling ratio for high subunit concentra-
tions at the expense of the resolution on the
number of bound labeled subunits. This issue
could be lifted by using labeled subunits emit-
ting fluorescence in two or more different col-
ors. Another option could be to reduce further
the fluorescence background by imaging the nu-
cleoprotein complexes in zero-mode waveguide
nanowells.%? Besides, combining TIRFM with
interferometric scattering microscopy®' could
be a way to refine the size of nucleoprotein com-
plexes estimated by fluorescence when the la-



beling ratio is low.

Single-molecule fluorescence imaging can cer-
tainly help decipher the lifecycle of many
viruses with unprecedented resolution. We en-
vision that this powerful technique will be es-
sential for future in witro investigations aim-
ing to reconstitute the assembly and disassem-
bly processes occurring within the intracellular
milieu, or to assess packaging affinity between
competing RNA templates, and for which the
viral components will have to be distinguished
from a vast majority of other biomolecules.
Deep insights into these processes are not only
crucial to combat viral infections, but can also
be useful to design synthetic, highly-symmetric
nanocages with antiviral properties or for deliv-
ery applications.?3 5
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ments, TIRF microscopy, image processing and
data analysis.
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Virion purification

The purification of CCMV virions starts from
infected leaves of black-eye cowpea and mainly
follows the protocol described by Ali et al.S!
Approximately 140 g of infected leaves are first
mixed within 300 mL of 0.15 M sodium acetate
at pH 4.8, and the whole mixture is filtered.
Then, 300 mL of iced chloroform are added to
the solution before being agitated during 1 h.
A first step of centrifugation is performed at
10,000x g during 10 min, from which only the
supernatant is collected and stirred for 1 h after
incorporation of 20 mM NaCl and poly(etylene
glycol) at 8 % (molecular weight of 8,000 Da).
A second step of centrifugation is executed at
10,000x ¢ for 10 min, and then the pellet is di-
rectly dissolved in 21 mL of 50 mM sodium
acetate at pH 4.8 and put through agitation
for 1 h. Another step of centrifugation is re-
alized at 9,000xg for 10 min and the aque-
ous upper phase is collected and follows a final
step of centrifugation for 2 h at 150,000x g af-
ter 20 % (w/v) sucrose cushion is added. The
purity of the samples is assessed when the ratio
Agﬁo/Aggg > 1.60.

S-1

Capsid protein purification and la-
beling

First, 5 mg of purified virions are centrifuged
for 10 min at 14,000x g, three times in a row
in a 0.5 mL centrifugal filter to change the
buffer: 100 mM HEPES and 5 mM MgCl, at
pH 8.2. Then, a specific volume of 2.37 mM
ATTO 647N NHS-Ester (ATTO-TEC, Ger-
many) is added to the solution and incubated
at room temperature for 2 h, to target a label-
ing ratio r for purified proteins of 25 %. The
solution is then dialyzed for 6 to 8 h against
the previous buffer to get rid of free fluorescent
dyes. Labeled virions are dissociated through
another dialysis step of 24 h against 50 mM
HEPES, 500 mM CaCl,, 1 mM ethylenedi-
amine tetraacetic acid (EDTA), 1 mM dithio-
threithol (DTT) and 0.5 mM phenylmethylsul-
fonyl fluoride (PMSF) at pH 7.5. After 18 h
of centrifugation at 150,000xg, several 1-mL
aliquots taken from the supernatant are col-
lected and conserved if Aggy/Assg > 0.80. The
selected aliquots are centrifuged two to three
times for 15 min at 4,000x g to obtain a total
volume between 1 and 2 mL. A final dialysis
is performed overnight against 50 mM HEPES,
500 mM NaCl, 1 mM EDTA, 1 mM DTT and



0.5 mM PMSF at pH 7.5 and then the concen-
tration of capsid proteins C, and the labeling
ratio r are estimated with the following equa-
tions:

Aggy — Agar X CFhg

C
P €,(280)
- /4647
€d,max X C’p

where C'Fhgy = €980/€d,maz Stands for a correc-
tion coefficient, €44, corresponds to the molar
extinction coefficient at the longest-wavelength
absorption maximum (here 647 nm) and esgp is
the molar extinction coefficient for CCMV cap-
sid protein at 280 nm. At the end of the purifi-
cation, we usually have a final labeling ratio of
~10 %.

For the non-labeled subunits, the purifica-
tion starts directly with the dissociation dial-
ysis step of 24 h.

Mass photometry experiments

To assess the possibility of forming full nucle-
ocapsids with a mass close to the one of na-
tive CCMV virions, mass photometry experi-
ments were performed at Institut Pasteur on
the TwoMP instrument of Refeyn (UK). This
technique is based on interferometric scattering
(iSCAT) microscopy, in which interferences be-
tween a reference field, here reflected by a glass
coverslip, and the one scattered by nanoparti-
cles are detected.5? The signal of interest here
is the contrast of the interferences which is di-
rectly proportional to the volume of the parti-
cles. Moreover, the linear relationship between
the contrast and the volume of the detected ob-
jects means that the signal obtained in mass
photometry is also proportional to their mo-
lar mass, provided that the refractive index is
similar for the different particles considered.
Therefore, to characterize the mass of unknown
particles, it is important to calibrate the device
with known particles. In our case, we detected
the first four oligomers of Bovine Serum Albu-
min — i.e. BSA- and urease.
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Figure S1: (a) Mass distribution of labeled
CCMYV virions and (b-c¢) nucleoprotein com-
plexes. For (b) 150 nM of subunits (r = 14.2 %)
were mixed with 1 nM of RNA C2 whereas in
(c) 25 nM of subunits (r = 14.2 %) and 5 nM
of RNA were associated together. The curves
plotted in red correspond to a Gaussian fit.



We first performed a mass photometry ex-
periment on labeled native CCMV virions.
The corresponding distribution is illustrated on
Fig. Sla and the mean molar mass is close to
3.9 MDa. One of the reasons that could ex-
plain the slight discrepancy with the expected
value of 4.6 MDa may come from the calibra-
tion carried out solely with proteins and not
with RNA, which is in the core of native viri-
ons. Nevertheless, this measurement gave us
an estimate of the molar mass to reach if com-
plete nucleocapsids were formed. On Fig. S1b,
we can observe the masses of the nucleopro-
tein complexes formed by mixing 150 nM of
subunits with a labeling ratio of 14.2 % and
1 nM of RNA in assembly buffer (50 mM 2-
(N-morpholino)ethanesulfonic acid (MES) and
100 mM NaCl at pH 6.1). We see that the
characteristic peak of native virions, plotted in
red, is superimposed with a part of the detected
population, meaning that complete nucleocap-
sids could be obtained at sub-micromolar con-
centration of subunits. Smaller objects corre-
sponding to partially-formed nucleocapsids and
bigger objects highlighting the presence of some
aggregates were also observed. Finally, Fig. Slc
shows that 25 nM of subunits associated with
5 nM of RNA led mostly to partial nucleocap-
sids.

Microfluidic cell and surface chem-
istry

All experiments were performed into homemade
microfluidic cells composed of three layers: a
170-pm-thick glass coverslip, a thin channel of
I-mm width and 50-mm length laser-cut in
double-sided adhesive tape and a microscope
slide with two holes for inlet and outlet. A
container is glued to the inlet whereas the out-

let is linked to a tube connected to a syringe
(Fig. S2).

S-3

—~  towards
the syringe

y l
Figure S2: (a) Side view of a microfluidic cell
and (b) top view of the tape layer. The blue
arrows show the flow direction.

At the beginning of an experiment, the
coverslips were activated inside an oxygen-
plasma cleaner during 10 min. Then a
solution of 1.5 g/L poly(L-lysine)-graft-
poly(ethylene glycol) copolymer (PLL(20)-
g[3.5]-PEG(2)) and 10™* g/L PLL(20)-¢[3.5])-
PEG(2)/PEG(3.4)biotin(20 %) in H2 buffer
(10 mM HEPES and 150 mM NaCl at pH 7.4)
was incubated for 35 min in each microfluidic
cell. Once the incubation is done, the cells
were rinsed with H2 buffer. Both copolymers
were purchased from SuSoS (Switzerland). Fi-
nally, ~100 nM NeutrAvidin (Thermo Scien-
tific, USA) were incubated for 10 min into each
microfluidic cell just before the injection of
RNA. The buffer used to prepare NeutrAvi-
dine was the same in which the subunits were
prepared (see section Assembly experiments).

Double-hybridization RNA

segments

on

Assembly experiments were performed with the
second single-stranded genomic RNA segment
(C2), containing 2,767 nucleotides. C2 5 end
was hybridized with a complementary sequence
(Oligo-Biot) of 53 bases with a biotin modi-
fication on the 3’ extremity (FEurogentec, Bel-
gium; 5 - ATG-GAG-ACC-CGT-GAG-TCG-
ACA-AGG-GAT-TGA-ACC-TCG-CTC-TCG-
TGG-ATT-ACA-AA-biotinTEG - 37). A sec-
ond hybridization occured, just 5 nucleotides
downstream, with a 51-base complementary
sequence (Oligo-ATTO) with an ATTO 565
modification at the 5 end (Furogentec; 5 -
ATTO 565-AAA-AAG-TAA-AGA-AGA-AAA-
ATA-TCA-AGA-AGA-AAA-TGT-ATA-AAC-
TGT-TTT-CAA - 3’). The whole architecture
is represented on Fig. S3.
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Figure S3: Schematic representation of the dou-

ble hybridization of RNA C2.

Before each experiment, a 10-pL solution was
prepared with the following final composition:
1 uM C2, 3 pM Oligo-ATTO and 1 uM Oligo-
Biot in an hybridization buffer (10 mM Tris-
HCI, 200 mM NaCl, 1 mM EDTA at pH 7.5).
To perform the double-hybridization, the solu-
tion was heated for 5 min at 68 °C, for another
5 min at 55 °C and then stored at 4 °C until
use.

Total internal reflection fluores-
cence microscopy (TIRFM)

The TIRFM experiments were performed with
a home-made setup described in a slightly dif-
ferent configuration elsewhere.®* Briefly, the
optical setup can be decomposed into two dif-
ferent channels: red and green according to
the two excitation lasers used (638 nm, 06-
MLD, Cobolt, Sweden, and 561 nm, LCX-561,
Ozzius, France). Both laser beams are exces-
sively enlarged (~ x40), and focused off-axis in
the back focal plane of an oil-immersion micro-
scope objective (UPlanApo 60x, NA = 1.50,
Olympus, Japan), to reach total internal re-
flexion with a homogeneous illumination of the
field of view. The fluorescence emitted by
red or green dyes is collected on an Electron-

Multiplying Charge-Coupled Device (EMCCD)

S-4

camera (Ixon 897, Andor, Ireland). Each laser
beam can be blocked by a digitally controlled
shutter that prevents us from exposing the sam-
ples continuously. The illumination sequence
depends on the purpose of the experiment.

A laboratory-built microscope-based focus
drift correction was used to keep the focus dur-
ing the whole experiment.

Assembly experiments

100 pM hybridized and thus ATTO 565 labeled
C2 segments were injected in a functionalized
microfluidic cell and imaged in the green chan-
nel. Following this first acquisition, the proto-
col depends on the type of experiment:

e Equilibrium experiment: subunits incu-
bated in the microfluidic cell for 15 min-
utes. After 14 minutes, a second green
image was acquired and then, one minute
later, the sequence using the red laser
beam started: 1,600 images, 375 ms time
interval, and 100 ms exposure time. At
the end of this 10-minute film, a third
image in the green channel was acquired.
For these experiments, we used 5 and
25 nM of subunits (r ~10 %) but also
100 and 200 nM of subunits (r = 2.5 %).
Here, from the injection of NeutrAvidin
to the incubation of CCMV subunits,
each step was performed in the follow-
ing assembly buffer: 50 mM MES and
100 mM NaCl at pH 6.1.

Towards equilibrium experiments: to
highlight thermodynamic equilibrium,
subunits were injected in the medium and
a 46-minute acquisition (24 images, 2 min
time interval, 100 ms exposure time) be-
gan in the red channel. At the end, a sec-
ond movie in the green detection channel
was acquired. Here, three concentrations
of subunits were used: 25 nM (r = 10 %)
but also 100 and 200 nM (r = 2.5 %).
These experiments were performed in the
same assembly buffer (50 mM MES and
100 mM NaCl at pH 6.1).



e Nonequilibrium experiments: 32.5 nM of
subunits (r = 8 %) were injected and a
25-minute acquisition (1,000 images, 1.5 s
time interval, 100 ms exposure time) in
the red detection channel started at the
same time. Then, the field of view was
illuminated continuously for 3 minutes to
photobleach each labeled subunit remain-
ing. Finally, a 10-minute movie was ac-
quired in the red channel (400 images,
1.5 s time interval, 100 ms exposure time).
Here, three buffers were used with a pH
set to 6.1 and a variable salt concentra-
tion: 10 - 100 and 200 mM NaCl.

From the injection of NeutrAvidin, the same
protocol was repeated for each microfluidic cell
used during one experiment.

Image processing and particles de-
tection

The movies acquired after each experiment
were analyzed with a custom Python algorithm.
First, a blurring function was applied to get
rid of background noise and increase the sig-
nal to noise ratio. Then a top-hat function
was used to remove fluorescent spots that were
larger than diffraction-limited spots consistent
with single emitters. After that, a wavelet func-
tion removed the low spatial frequencies present
on each image. Finally, another step of top-hat
was applied at the end of the algorithm.

Once the movies were processed, we used the
function locate of the Python package called
trackpy® to detect the fluorescent particles,
and especially the labeled RNA spots, visible
on an image.

Step-detection algorithm

The assembly experiments enabled us to study
signals characterized by the time-evolution of
fluorescence intensity emitted by red-labeled
subunits from individual RNA spot. In order
to detect step events in these temporal traces
for equilibrium experiments, we used the detec-
tion algorithm Ruptures.®® The latter needs to
be trained on a subset of N signals from which

the positions of the steps were manually anno-
tated. To detect steps, Ruptures applies a pa-
rameter called penalty which directly depends
on the number of steps, the length of the signal
and its noise. During this stage, the detection
algorithm is going to use hundreds of penalties
on the training dataset to predict steps and cal-
culate the cost — i.e. the differences — between
its predictions and the given positions. For each
penalty, the cost is averaged on the entire train-
ing dataset. The chosen penalty corresponds to
the one that minimize the cost function as il-
lustrated by Fig. S4.
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Figure S4: Cost function obtained from the
training of Ruptures on 50 experimental sig-
nals acquired at equilibrium.

The performances of Ruptures were as-
sessed on simulated data with added noise,
for which the steps were unambiguously iden-
tified. By comparing the breakpoints identi-
fied with Ruptures and the ground-truth sig-
nal, we computed three quantities: (i) the num-
ber of true positive events (T'P) corresponding
to breakpoints correctly identified; (ii) the num-
ber of false negative events (F'N) representing
actual events not detected by Ruptures; and
(iii) the number of false positive events (F'P)
wrongly recognized by Ruptures. The perfor-
mances were then further quantified through
three metrics, namely, Recall = TP/(TP +
FN) providing the fraction of missed break-
points, Precision = TP/(TP + FP) indicat-
ing the fraction of falsely detected breakpoints,
and Fyeore = 2 X Recall X Precision/(Recall +



Precision) which can be viewed as a combina-
tion of the two previous metrics. These metrics
were estimated on different series of datasets
analyzed by Ruptures as well as by quickPBSA,
another step-detection algorithm designed for
identification of photobleaching events.>” Ta-
ble S1 shows that Ruptures performed better
than quickPBSA on overall detection and more
particularly, Ruptures was more trustworthy
over the detected breakpoints than quickPBSA
as evidenced by Precision. Theses perfor-
mances were obtained by using both Ruptures
and quickPBSA on 1,500 simulated signals. Be-
fore, Ruptures was trained on 50 signals simu-
lated the same way. By measuring the Fi.,. on
the training dataset, we found that the penalty
that minimized the cost function was lower than
the one maximizing the Fi.,. by a factor that
could go up to 2.3. For every simulations anal-
ysis, we chose the penalty that maximized the
Fscore-

Table S1: Comparison of Ruptures and
quickPBSA performances on steps detection
with simulated data.

Recall Precision Fyeore
(%) (%) (%)
Ruptures 72 82 76
quickPBSA 70 69 69

For experimental data, Ruptures was trained
on a dataset of 50 signals from which the
positions of steps were manually annotated
(Fig. S4). The penalty value chosen for the sig-
nals collected at equilibrium equals 2.469.

Photophysics study

The analysis of both equilibrium and nonequi-
librium experiments were based on photophys-
ical parameters of the ATTO 647N dye. Its
properties were studied during control experi-
ments on biotin-modified ATTO 647N attached
to the coverslip. A movie was acquired in
the red channel with the illumination sequence
and parameters adapted to the assembly ex-
periments. During analysis, the same algo-
rithm of image processing and spot detection

was used before Ruptures was applied on the
ATTO 647N sites collected. Once again, the
step-detection algorithm was trained on exper-
imental data but here the penalty value equals
25.1 because, in theory, only one step down (i.e.
the photobleaching event) was expected from
each red dye. By using the fitted signals, we
made sure to analyze only single dye with clear
individual step and collected two parameters:
the time 7, when photobleaching occurred and
the average collected fluorescence intensity h
before photobleaching. Both distributions are
illustrated on Fig. S5.
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Figure S5: (a) Distribution of h and (b) 7.
Respectively Gaussian and exponential laws are
plotted in red.

In this example, we observe a Gaussian be-
haviour for h distribution which leads to a mean
value of 0.101 a.u and an exponential decay for
7, with a mean value of ~138 s.



RNA spots selection for analysis

For assembly experiments performed at equilib-
rium, three images were acquired in the green
channel. Whereas the first one was recorded to
have a visual confirmation that RNA molecules
were bound to the surface after their incuba-
tion, the second and third were analyzed more
thoroughly. Indeed, with a Python function,
we looked here for particles colocalized between
those two acquisitions in order to be sure to
work with RNA molecules that stayed on the
surface during the entire acquisition. In addi-
tion, for the analysis, we considered only RNA
molecules with at least one binding event of la-
beled subunits. This type of interaction was
taken into account if the intensity fitted by
Ruptures was above the sum between the flu-
orescence background Iy q and the mean value
of h for at least two consecutive images. The
mean intensity (h) emitted by a single red dye
had been measured for each experiment led at
equilibrium (see section Photophysics Study).

Regarding nonequilibrium experiments, the
RNA detected in the first green image were the
spots of interest. Among them, we considered
RNA molecules with at least two binding events
of labeled subunits, by selecting the red fluo-
rescent intensity traces recorded at a RNA lo-
cation which are above Iy + 2(h) for at least
(1) seconds without interruption. Indeed, in
these experiments, we were observing large in-
creases of fluorescence intensity characterizing
early steps of assembly.

Control upon non-specific binding
events

Several tests had been performed to evaluate
quantitatively the non-specific binding events
due to the biological architecture used in our
experiments:

e Non-specific interactions between
ATTO 565 and labeled subunits:
Non-specific interactions were studied be-
tween 25 nM of subunits (r = 9.4 %) and
ATTO 565 attached on the surface thanks
to a biotin modification. These were com-

pared to specific interactions between la-
beled subunits and RNA C2 bound to
the coverslip that occurred during several
assembly experiments: 25 nM of subunits
(r=9.4 %), 100 and 200 nM of subunits
(r = 2.5 %). In all cases, the protocol
for equilibrium experiments was followed
and an interaction was taken into account
if the intensity fitted by Ruptures was
above Ipq + (h) on at least two consecu-
tive images. Fig. S6 shows the percentage
of RNA or ATTO 565 colocalized with
labeled subunits and it appears clearly
that the specific interactions are between
4- to 6-fold higher than the non-specific
ones. In other words, labeled subunits
did not seem to bind to NeutrAvidin nor

a ATTO 565 dye without RNA.
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Figure S6: Comparison between specific in-
teractions between labeled subunits and RNA
against non-specific interactions between la-
beled subunits and ATTO 565 dye attached
onto a NeutrAvidin. For 25 nM of subunits,
the labeling ratio is 9.4 % whereas it is 2.5 %
for 100 and 200 nM.

e Non-specific interactions between
Oligo-ATTO and the coverslip:
300 pM Oligo-ATTO had been directly
injected on top of surface chemistry with
NeutrAvidin before 100 pM of hybridized
RNA. Both samples were incubated 2 min
before the beginning of the green ac-
quisition. The goal was to see if the
spots observed after an acquisition with



the green laser beam really came from
hybridized RNA. By taking the results
from three different microfluidic cells,
we observed ~253 + 123 green spots
after the injection of Oligo-ATTO, and
then ~1,924 + 595 particles when RNA
molecules were added to the medium.
This observation highlights the fact that
single Oligo-ATTO barely bind to the
surface when they are not hybridized to
the RNA C2.

Non-specific interactions between
C2 and ATTO 647N NHS-Ester:
Finally, on top of the architecture sur-
face chemistry - NeutrAvidin - hybridized
RNA, 5 nM ATTO 647N-NHS-Ester were
injected and incubated for 15 minutes to
see if binding events can occur with the
green-labeled single-stranded RNA. From
four microfluidic cells, ~591 + 219 RNA
spots were analyzed and on average,
~21 +£ 9 ATTO 647N were detected on
the first image of the red acquisition.
More importantly, we found that only
~0.1 + 0.1 % of the genetic material
showed binding events with a red dye.

Combined together, these three controls high-
lighted the fact that the evolution of fluores-
cence intensity observed on particles detected
in the green channel were specific interactions
between labeled subunits and single-stranded
RNA C2. Each test was performed in the same
assembly buffer: 50 mM MES, 100 mM NaCl
at pH 6.1.

Computation of n(t) and proof of
thermodynamic equilibrium

In equilibrium experiments, the fluorescence in-
tensity emitted by labeled subunits was mon-
itored between 15 and 25 minutes after their
injection. To ensure that steady state was es-
tablished before 15 minutes, control measure-
ments were performed in which we started a
46-minute acquisition immediately after inject-
ing the subunits into the medium. In addition,
photobleaching was minimized by reducing the

time between two frames to 2 minutes. For each
temporal trace, the red fluorescence intensity
collected at a time ¢ was divided by (h) and the
number of labeled subunits n was estimated by
taking the closest integer value. In equilibrium
experiments this calculation was used only on
the first image of each signal with the intensity
fitted by Ruptures and led to the histogram of
Fig. 3d.

To verify when thermodynamic equilibrium
was reached, we computed the mean number
of labeled subunits (n) averaged at each frame
over the whole population of RNA considered.
Here, it corresponded to the spots colocalized
between those detected before and after sub-
unit injection. In Fig. S7, (n) was estimated for
three concentrations of subunits (25, 100 and
200 nM) and normalized by (n)i,¢, namely:

0D ey (1)

(n)int
For the three concentrations, we saw that (n)
reached a plateau long before the end of the
acquisitions but not exactly at the same time
(Fig. S7). These measurements were carried out
on several experiments, and we were able to ob-
tain an average estimate of the parameter 3 x 7,
which corresponds to the time when (n) reaches
95 % of its equilibrium value: 13.3 & 2.0 min
for 25 nM, 10.2 £ 1.6 min for 100 nM and
8.2 + 2.0 min for 200 nM. Therefore, these re-
sults confirmed that between 15 and 25 minutes
after the injection of subunits, a steady state
was established for 25, 100 and 200 nM.
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Figure S7: Evolution of the mean number of
labeled subunits on ssRNA for subunit concen-
tration of (a) 25 nM (r = 10 %), (b) 100 nM
(r =2.5%) and (c) 200 nM (r = 2.5 %). Expo-
nential decay evolution is plotted in red dashed
lines. Black dotted lines indicate the beginning
of the acquisition for equilibrium experiments.

Examples of temporal traces for
nonequilibrium experiments

As explained in the main text, the temporal
evolution of fluorescence intensity on ssRNA
molecules was studied at three different ionic
strengths. In Fig. 5a, we observed a charac-
teristic evolution at 10 mM NaCl where the
maximum intensity I,., was reached around
10 minutes before slowly decreasing due to
the combination of unbinding events and pho-
tobleaching of bound labeled subunits. For
higher salt concentrations, the same general be-
haviour was obtained as illustrated by Fig. S8.
At 100 mM, I,,., was obtained approximately
5 minutes after subunit injection whereas it oc-
curred around 3 minutes for 200 mM. In these
two examples, the values of I,,., were roughly
the same. For both buffers, the concentration
of subunits was still set to 32.5 nM (r = 8 %).
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Figure S8: Evolution of fluorescence intensity
emitted by labeled subunits from one RNA
molecule in a buffer with (a) 100 mM NaCl and
(b) 200 mM NaCl. The black dashed lines show
when I,,.. is reached, the dotted red lines in-
dicate a continuous illumination for 3 minutes
and the black arrows correspond to a second in-
jection of CCMV subunits.

Statistical modeling

Time is divided into frames, each of which
has a duration Af. Assume that at time ¢ a
given RNA molecule has n bound labeled sub-
units. Within the next time interval, three
events can occur: (i) a new labeled subunit
binds with a rate constant k.,(n) and a prob-
ability kon(n)At; (ii) a bound labeled subunit
disappears, whether by unbinding or by pho-
tobleaching, with a rate constant k.g(n) and
a probability nk.g(n)At; (iii) nothing happens

S-10

with a probability 1 — ko, (n)At — nkeg(n)At.
The probability of having n bound labeled sub-
units at time ¢ + At is then expressed by:

p(n,t + At) = kon(n — 1)Atp(n — 1,t)+
(n 4+ Dkog(n + 1)Atp(n + 1,t)+

+ {1 — kon(n)At — nkog(n)At} p(n,t) (1)
In first approximation, near equilibrium, each
labeled subunit sees a roughly identical envi-
ronment, or equivalently the same mean field,
when interacting with a RNA molecule, in such
a way that k., and k.g can be considered as
constant depending solely on (n). In steady
state, p(n,t + At) = p(n,t) = p(n), and since
p(—1) =0, we arrive at

np(n) = pp(n —1) (2)

where the equilibrium constant is g = ko /Koft-
By induction and given that normalization im-
poses Y p(n) =1, we obtain

n

I

= —6_

oy (3)

which is the well-known Poisson distribution
verifying y = (n). If k, is the unbinding rate
constant and k;, the photobleaching rate con-
stant, kog = ky + k. After determining k;, sep-
arately, k, can be estimated experimentally by
computing (n) and determining k,, from a his-
togram of binding events (see main text).

In reality, both labeled and unlabeled sub-
units bind on RNA. We note ny; the total num-
ber of subunits bound on a RNA molecule and
r the bulk labeling ratio. The number of bound
labeled subunits follows the binomial distribu-
tion, i.e.,

p(n) g

Ntot
n

p(n/neot) = ( )r”(l — )ttt (4)
Eq. 2 still applies with ny, but the equilibrium
constant jio; must be computed with kg, for all
subunits. Therefore, p(nit) = (it /ntot!)p(0)
and p(0) is determined from the normaliza-
tion condition. In principle, ny cannot exceed
a maximal number n,,,, corresponding to the



number of subunits in a complete nucleocapsid,
namely here 90. As a result,
k )1
Mmax

p(0) = (Tlicf Htot
p(n) =Y p(n/k)p(k)

(5)

k!
k=0

Since
(6)
and by injecting Eq. 4, we arrive at a rather

complex distribution for the number of bound
labeled subunits:

NMmax—N L
M];c')t(l T)k
(Tutot) k=0 ’
p(n) , T— (7)
n: Mot
k!
k=0

For npy. large enough, we recover the Poisson
distribution of Eq. 3,

(r/’LtOt)n e THtot
n!

(8)

Numerically, given that n,.. = 90 or higher,
this approximation is quite verified for » < 10%
and oy < 70, which was mostly the case
throughout this study. As a result, we could
apply the simplified relationship: (n) ~ 7oy =
T(”tot>~

p(n) ~
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