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This Letter reports on the remarkable selectivity of capsid proteins for packaging synthetic
polyelectrolytes in viruslike particles. By applying the contrast variation method in small-angle neutron
scattering, we accurately estimated the mean mass of packaged polyelectrolytes (M) and that of the
surrounding capsid (M,,). Remarkably, the mass ratio (M ,)/(M,,) was invariant for polyelectrolyte
molecular weights spanning more than 2 orders of magnitude. To do so, capsids either packaged several
chains simultaneously or selectively retained the shortest chains that could fit the capsid interior. Our data
are in qualitative agreement with theoretical predictions based on free energy minimization and emphasize
the importance of protein self-energy. These findings may give new insights into the nonspecific origin of

genome selectivity for a number of viral systems.
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Many viruses are made up of a protein capsid protecting
the genome encoded in one or more polynucleotide chains.
Genome packaging can be a highly selective albeit elusive
self-assembly process. For instance, cowpea chlorotic
mottle virus (CCMV)—a nonenveloped icosahedral sin-
gle-stranded RNA (ssRNA) plant virus—has a multipartite
genome consisting of four ssSRNA segments distributed in
three indistinguishable particles: RNA 1 and 2 are pack-
aged separately and have 3171 and 2774 nucleotides, while
RNA 3 and 4 are packaged together and have 2173 and 824
nucleotides. In other words, all particles package more or
less the same mass of RNA. Such a level of selectivity is
often ascribed to intricate molecular recognitions.
However, for the simplest icosahedral viruses, the pack-
aging problem can be regarded as charged chains interact-
ing with a rigid shell through nonspecific electrostatic
interactions [1-3]. One of the most intriguing results was
obtained by Belyi and Muthukumar who reported an
experimental ratio of ~ — 1.6 between the total charge of
the genome and the net charge on the capsid interior for a
wide range of simple ssRNA viruses [4]. Furthermore,
theoretical predictions based on free energy minimization
indicated a linear relationship between the total number of
packaged monomers and the capsid interior area [2,5].

Flexible negatively charged homopolymers are excellent
models to assess the selective capabilities of capsid proteins
—also called capsomers—in the absence of specific
molecular recognition. Poly(styrene sulfonic acid) (PSS)
mimics the linear charge density (~0.33 e~ -A™") and the
intrinsic persistence length (~1 nm) of ssRNA. Owing to
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its hydrophobic backbone, however, its intrinsic excluded
volume is smaller than that of sSRNA, and ssRNA has a
branched topology due to base pairing. Viruslike particles
(VLPs) derived from CCMYV can self-assemble with PSS,
whose molecular weight determines the size of VLPs with
discretized values [6,7]. The packaging process is remi-
niscent of the coil-globule transition of PSS in the presence
of oppositely charged agents [8]. Cadena-Nava and co-
workers proposed a fluorescence assay to estimate the
number of packaged PSS chains per VLP [9]. However, the
number of capsids was inferred from gel electrophoresis,
which can be inaccurate, and the work was limited to a
single PSS molecular weight. VLPs derived from the
Hibiscus chlorotic ringspot virus were reported to package
an amount of PSS comparable to the weight of the native
genome [10], but the packaging efficiencies were estimated
by destructive bulk assays which lacked reliability. To date,
no systematic and accurate experimental investigation has
been carried out to establish a relationship between the
amounts of packaged polyelectrolytes and capsomers.
Apart from its biological relevance, such a knowledge
may support the development of functional VLPs for use in
nanotechnology and medicine [11].

We applied the contrast variation method in small-angle
neutron scattering (SANS) on a wide range of deuterated
PSS (dPSS) packaged in CCMV VLPs. This nondestruc-
tive method allowed the estimation of both the mass of
packaged dPSS and that of the surrounding capsid. Data
were collected on the D22 beam line at the Institut Laue
Langevin, a neutron source delivering one of the highest
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TABLE I. Mass distribution of dPSS chains. The values were
calculated from data supplied by the manufacturer and from an
estimated degree of sulfonation of 95 + 3%.

dPSS m,* (kDa) Mm,"” (kDa) o, (kDa) N,°
8 k 7.824 7.535 1.702 40

120 k 124.7 117.5 32.68 625
600 k 619.8 590.9 148.4 3143
1500 k 1662 1445 603 7686

*Weight-average mass.

bNumber-averag.ge mass.

‘Mass standard deviation.

d o
Number-average degree of polymerization.

fluxes worldwide. The particles were highly concentrated
especially in order to detect packaged polyelectrolytes
which were in minute amounts. A detailed description of
sample preparations and measurements is given in the
Supplemental Material [12], and the characteristics of the
dPSS chains used in this study are summarized in Table I.
Upon mixing dimeric capsomers and viral RNA at a
mass ratio of 6: 1 in neutral buffer [12], then after dialyzing
in acidic buffer, all viral RNA was spontaneously packaged
in VLPs and no empty capsids were formed as demon-
strated by Cadena-Nava and co-workers [21]. VLPs were
afterwards concentrated up to a protein concentration of
4-5 mg/mL. The concentration of VLPs was postassembly
so that mass action was not altered at the relatively high
concentrations at which the scattering measurements were
done. Figure 1 shows SANS patterns collected after
dialysis of the samples against acidic buffer prepared with
two different D,O fractions. A fitted shell model (see
Fig. 1, inset) gave a good agreement with the data in 68%
D,0 and allowed the computation of the capsid volume,
and, subsequently, of its mass. The latter was thus estimated
to be 3.66 £ 0.345 MDa while that of the native virion is
known to be 3.66 MDa, which confirmed that VLPs
packaging viral RNA were morphologically identical to
native virions. The right panel of Fig. 1 shows the patterns
of packaged viral RNA. The region of very small wave
numbers ¢ was fitted with the Guinier approximation, i.e.,
I(q) ~ Iyexp(—R%q*/3), where R, is the radius of gyra-
tion, valid only for gR, < 1, and we thus obtained a reliable
extrapolation of I, which can be generally expressed by

Iy = K(9, Ap)c(M?), (1)

where K (7, Ap) is a constant depending upon the specific
volume v and the scattering length density contrast Ap, c is
the molar concentration, and (M?) is the mean squared
mass. Ap = p — pg, where p denotes the scattering length
density of the scatterers and pg is that of the solvent. K
can be computed from K = (2Ap)>/N, with N,
being Avogadro’s number. Given that VLPs packaging
viral RNA were reasonably monodisperse, we set
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FIG. 1 (color online). SANS patterns of native (NT) virions and
VLPs packaging viral RNA (VLP) at pD 4.8. (Left) In 68% D0,
viral RNA is contrast matched and the scattering intensity / solely
arises from capsomers (gray in top inset). Experimental data
(black dots) are fitted with a shell model (red solid lines) defined
by a scattering length density contrast Ap(r) following a spline
function (bottom inset): R is the mean radius, AR the half width
of the spline, and Ap,,,, the maximal scattering length density
contrast. (Right) In 43% D,O, the contrast of capsomers vanishes
and only viral RNA (blue in inset) contributes to /. A Guinier fit
(red dashed lines) is plotted on each experimental curve (black
dots) for small ¢ values. The patterns are shifted for clarity.

(MixA) ~ (Mgna)?. The mass of packaged viral RNA
was determined through Eq. (1) by computing the ratio of
Iy at 43% D,0 and at 68% D,0, and by using the capsid
mass estimated from the shell model [12]. We found a mass
of packaged viral RNA of 938 + 149 kDa, that is, very
consistent with our measured and expected value of
~960 kDa for native virions.

Figures 2(a) and 2(b) depict SANS patterns obtained
with VLPs packaging dPSS at pD 7.5 and 4.8, respectively.
Dimeric capsomers and dPSS were mixed in neutral buffer
at a mass ratio of 6:1 and VLPs were concentrated up to a
final protein concentration of 4-5 mg/mL. For samples at
pD 4.8, the mixture was dialyzed against acidic buffer prior
to concentration. The samples were then dialyzed against
the same buffer containing various D,O fractions. The
residual free dimeric capsomers had a negligible contribu-
tion to the scattering intensities due to their low molecular
weight. We employed a polydisperse shell model to
account for the variability exhibited by these particles
morphologically less regular than those packaging viral
RNA. Observations by cryotransmission electron micros-
copy on VLPs packaging dPSS-1500k at pD 4.8 revealed a
bimodal size distribution [12]. The presence of “large”
VLPs—possibly along with empty capsids—was
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FIG. 2 (color online).
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SANS patterns of VLPs packaging dPSS at pD 7.5 (a) and pD 4.8 (b). (Left panels) In 100% D,O0, I is only due

to capsomers. Experimental data (black dots) for various dPSS (see Table I) are fitted with a polydisperse shell model (red solid lines)
based on that described in Fig. 1 except that R follows a normal distribution. (Right panels) In 43% DO, the patterns arise from dPSS
only. A Guinier fit (red dashed line) is plotted on each experimental curve (black dots) for small ¢ values. In all panels, the arrows
indicate the contribution from large VLPs. The patterns are shifted for clarity.

evidenced on the SANS patterns by an increase of intensity
at very small g values only for samples with dPSS-600k
and dPSS-1500k (see arrows in Fig. 2). Such a coexistence
of “small” and large VLPs was reported before [6], and
theory indicates that the formation of small VLPs is
entropically more favorable than large ones [22]. In this
study, we only focused on small VLPs. The maximal shell
diameters varied from 21.6 to 24.8 nm at pD 7.5 depending
on dPSS, whereas it was 29.2 nm for native virion [12]. At
pD 4.8, VLPs were smaller and the polydisperse shell
model returned maximal diameters between 20.6 and
21.6 nm. The half-width of the shells varied around
4 nm for VLPs packaging dPSS whereas it was about
3 nm for native virions and VLPs packaging viral RNA.
The polydispersity on the mean radius was between 5% and
10% with dPSS. These data suggest that in the presence of
dPSS, capsomers were slightly disordered within the
capsids. Viral RNA may therefore play a structural role
that cannot be fulfilled by dPSS.

The mean squared mass of packaged dPSS (M3) was
inferred from the ratio of 7 at 100% D, O and at 43% D,O,
and by using the mean mass of capsids (M,,) obtained
from the polydisperse shell model. However, the significant
polydispersity of dPSS chains prohibited the approxima-
tion (M3) ~ (M ,)?, and we had to devise a statistical model
estimating reliably (M ). Accordingly, we identified two
regimes depending on (M%) and the mean squared mass of
free dPSS (M7) = M; + ;. () If (M) > (M3), more
than one chain is packaged on average in each VLP.
Assuming that each chain has an equal probability to be
packaged, the number of packaged chains per VLP is

governed by the classical Poisson statistics. Since the
packaged chains follow a mass distribution n(M) with
mean value M, and standard deviation o¢,, (M,) is
expressed by

+00 /1]( +oo
<Mp> = Ee_ﬁ/ n(Ml)...n(Mk+l)dM|...deJr]
k=0 """ —o

x kiM, = (A4 1)M, = (N,)M,, 2)
=1

where 4 denotes the parameter of the Poisson distribution
and (N ,) the mean number of packaged chains. We rule out
the possibility of having empty capsids because they cannot
be formed at pD 7.5 and if any at pD 4.8, their patterns will
be indistinguishable from those of large VLPs. (M3) is
computed similarly and gives a less trivial relationship
involving A which is substituted by its expression in Eq. (2).
After some algebra, it reduces to

e = {3 (- T)]

o

(i) If now (M3) < (M7), which occurs for high M,,, the
mass distribution of packaged chains is necessarily trun-
cated by the capsids, which can only accommodate the
shortest chains. The mass distribution is modeled by a
Schulz distribution [23] truncated at a cutoff mass M,. We
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FIG. 3 (color online). Ratio of the mean mass of packaged
dPSS (M) to the mean mass of capsid (M) as a function of
M, at pD 7.5 (squares) and pD 4.8 (discs). The symbols in red
indicate mass ratios computed with a truncated Schulz distribu-
tion. Dashed lines give the averages of the mass ratios in the least-
squares sense: 0.37 for pD 7.5 and 0.21 for pD 4.8. The inset
depicts the Schulz distribution n(M) for free dPSS (black line)
and its truncated version with a cutoff mass M, (red line).

also assume that only one chain is packaged per VLP
because the probability of packaging simultaneously sev-
eral chains with a total mass below M, becomes rapidly
small as M, diminishes [12]. The cutoff mass M, can be
computed from the truncated Schulz distribution n(M) that
returns the measured (M3), i.e.,

(M2) = /) Y () MRam < A o n(M)dM>_1
with n(M) = (A/SI)SAI:I(S; exp <—s ;Z)

where I' denotes the gamma function and s a parameter
verifying s~! = (M,,/M,,) — 1. The inset of Fig. 3 provides
an example of a truncated Schulz distribution. Knowing
M¢,, M, and s, the computation of (M ,) is straightforward.

The ratio (M ,) /(M) is plotted on Fig. 3 as a function
of M,. Remarkably, at fixed pD, (M,)/(M,) was
invariant within the uncertainties for M, spanning more
than 2 orders of magnitude. In other words, capsids
packaged an amount of dPSS proportional to their mass,
either by uptaking a sufficient number of available chains,
or by selectively retaining the shortest chains that could fit
the capsid interior. It is worth mentioning here that, at given
pD, (M,,) was weakly varying (see Table II) because the
number of capsomers in a capsid is subjected to energetic
constraints reminiscent of the icosahedral symmetry [24].
By minimizing the free energy of packaged chains with
respect to their number N s Zandi and van der Schoot found

TABLE II. Results from statistical model analysis.

d-PSS <Mcap> (kDa) <Mp> (kDa) <Np> <Zp>/<anp>a
pD 7.5

8k 1750 + 66 670 +=47 88+62 —4.14+0.45

120k 2580 £ 87 995 £+ 69 854+0.6 —4.1+043

600k 2680 + 140 905 £ 89 1.5+0.15 -3.6£0.55

1500k 2660 4 140 960 4+ 120 1° -3.9+0.70
pD 4.8

8k 1490 + 67 290 + 32 39+£42 -2.14+0.32

120k 1750 + 89 31060 2.7£052 -—-19+£047

600k 1730 £ 75 419 + 54 1° -2.6+0.45

1500k 1630 + 55 370 £+ 69 1° -2.4+0.54

*Ratio of the mean charge of packaged dPSS to the mean charge
of the capsid interior.
A truncated Schulz distribution was used. See text for details.

that the total number of packaged monomers N ,N,, scales
as R? rather than as the capsid volume, i.e., R® [2]. Since
here (M) = (N ,)N,M 0, Where M, is the molecular
weight of a monomer, and because (M) R?, the
Zandi-van der Schoot prediction can be reexpressed as
(M)  (yb/v){Mcyp), where y and b are effective chain-
capsomer interaction strength and length, respectively, and
v the excluded volume of Kuhn segments. The mass ratio
turns out to be independent of M,, as found experimentally.

The effective interaction strength y stems from the
electrostatic interaction with the positive charges carried
by the arginine-rich N-terminal arm of capsomers [21].
This flexible arm contains 10 cationic residues, all ionized
in the actual range of pD. dPSS in turn carries nearly one
negative charge per monomer due to its fully ionized
sulfonate groups. Table II gives the ratio of charges carried
by the packaged dPSS (Z,) and by the basic residues that
protrude into the capsid interior (Z,). Notice that
(Z,)/(Zeap) x (M ,)/(My,) and is thereby invariant for
a given pD. The average charge ratio in the least-squares
sense was estimated to be —4.0 at pD 7.5 and —2.3 at pD
4.8. Previously reported charge ratios were estimated to be
—9.0 with 3.4-MDa PSS [7], and both —0.45 and —0.6 with
38-kDa PSS [9]. Our results are in better agreement with
theory in the sense that the charge ratio is unchanged by the
polyelectrolyte molecular weight. Our values also deviate
from the ratio of ~—1.6 found by Belyi and
Muthumkumar with ssRNA [4]. They indicate a strong
and unexpected overcharging of the capsid interior by the
packaged dPSS. dPSS has a smaller intrinsic excluded
volume v, than that of ssSRNA. In a regime of strong
electrostatic screening (the Debye length was ~0.4 nm),
v & v, [2], and we thereby expect from the Zandi—van der
Schoot prediction an increasing mass (and charge) ratio as
vy decreases. In fact, we did not even observe the
packaging of viral RNA at pD 7.5, whereas dPSS could
be readily packaged. It thus demonstrates that polyelec-
trolytes with a strongly hydrophobic backbone can be
packaged more efficiently than viral RNA.
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Lastly, the different values of (M,)/(M,,) at different
pD emphasize the importance of the capsomer self-energy
entering the total free energy. A higher pD increases the
capsomer self-energy through the ionization of carboxylate
groups which thus enhances the electrostatic repulsion
between capsomers [25]. This causes the capsids to swell
and to package a larger amount of polyelectrolyte in such a
way that the mass ratio increases. The mechanism is
reminiscent of the metal-free swelling transition that native
virions exhibit at high pH [26]. The mean number of
capsomers in VLPs (N,,) also varied with pD [12] and
was not necessarily close to a multiple of 60 as required by
the quasiequivalence principle [24]. VLPs were all larger
than 7 = 1 capsids and smaller or similar in size to 7 = 2
capsids. Therefore, VLPs did not likely obey to the
icosahedral symmetry but might rather exhibit local defects
due to the presence of polyelectrolyte.

In summary, we have demonstrated that capsomers
derived from a ssSRNA plant virus can display a remarkably
robust selectivity for packaging polyelectrolytes. This non-
specific selectivity takes the form of a balance between the
mass of the capsid and that of the packaged polyelectrolytes,
and is mainly, but not only, driven by electrostatic inter-
actions. The present mechanism may be regarded as a
primary way for a virus to package the required segments
of its genome and it can explain in particular how CCMV
distributes a similar amount of RNA in three particles. It must
be mentioned, however, that specific signals embedded in the
genome may favor the packaging. Also, a recent theoretical
study suggested that the inherently branched RNA secondary
structure could allow the viral RNA segments to out compete
those coming from the infected host cells [27]. The kinetic
pathways used to package polyelectrolytes might play a role
as well and time-resolved investigations [28] could shed light
on the nonequilibrium states visited by the system to achieve
such a good efficacy in the self-assembly.
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