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Abstract

Simian virus 40 capsid protein (\VP1) is a unique system for studying substrate-dependent
assembly of a nanoparticle. Here, we investigate a simplest case of this system where 12 VVP1
pentamers and a single polyanion, e.g. RNA, form a T=1 particle. To test the roles of polyanion
substrate length and structure during assembly, we characterized the assembly products with size
exclusion chromatography, transmission electron microscopy, and single-particle resistive-pulse
sensing. We found that 500 and 600 nt RNAs had the optimal length and structure for assembly of
uniform T=1 particles. Longer 800 nt RNA, shorter 300 nt RNA, and a linear 600 unit
poly(styrene sulfonate) (PSS) polyelectrolyte produced heterogeneous populations of products.
This result was surprising as the 600mer PSS and 500 nt RNA have similar mass and charge. Like
sSRNA, PSS also has a short 4 nm persistence length, but unlike RNA, PSS lacks a compact
tertiary structure. These data indicate that even for flexible substrates, shape as well as size affect
assembly and are consistent with the hypothesis that work, derived from protein-protein and
protein-substrate interactions, is used to compact the substrate.
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Many single-stranded RNA (ssRNA) viruses are able to spontaneously assemble and
concomitantly package their genomes or other anionic substrates 1. Identifying the factors
that modulate packaging could shed light on new antiviral targets and promote reengineering
of capsid proteins (CPs) or nucleic acids (NAs) for gene therapy, drug delivery, and other
applications.

To consider the complexity of capsid assembly with sSRNA, a reductionist approach is
necessary. In many cases, successful assembly requires a concerted interplay between the
size and structure of ssRNA and the spontaneous curvature of the growing capsid ",
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Electrostatic interactions between positive charges on CPs and negative charges on RNA
provide an important thermodynamic driving force for this process 19-13. Therefore,
focusing on the length and structure of RNA substrates provides an informative start for a
better understanding of the packaging mechanism : 6.

To characterize the roles of the length and structure of RNA on assembly requires a simple
yet easily manipulated in vitro assembly system. Simian virus 40 (SV40) is an attractive
candidate. SV40 is a small, nonenveloped double-stranded DNA (dsDNA) virus belonging
to the polyomavirus family. In vivo, SV40 forms a 45 nm diameter capsid of 72 VP1
pentamers around its 5200 bp dsDNA genome, which is compacted by bound histones 14 15,
Mimicking ssSRNA viruses, VP1 pentamer can bind nucleic acid via a C-terminal tail rich in
basic amino acids, which extends into the center of the virion and is typically unresolved in
crystallographic maps 14 16-18_|n vitro, SV40, and other polyomaviruses, VVP1 pentamers
can assemble into a broad array of structures from 20 nm T=1 capsids to 40 nm T=7 capsids
to 40 nm diameter tubes 19 20, Different nucleic acid substrates yield a similar range of
structures with relatively stiff dsDNA favoring T=7 particles 21 22, On ssRNA substrates,
VP1 forms uniform 22 nm diameter T=1 virus-like particles (VVLPs) under mild solution
conditions (50 mM MOPS, pH 7.2, 125 mM NaCl) in the absence of cellular or external
factors 23. Recent studies on Cowpea Chlorotic Mottle Virus (CCMV) demonstrated how
different RNA sizes affect the capsid geometry and assembly efficiency 24-26, However,
CCMV is assembled from 90 dimers and may follow a complex assembly path to generate
the mixture of pentameric and hexameric vertices found in a T=3 icosahedron & 27.
Conversely, a dodecahedral nucleoprotein complex is small enough that a rigorous molecular
dynamics study including protein and RNA components can be calculated 12: 13, Therefore,
a dodecahedral assembly system is extremely attractive as a simple and robust model for
characterizing the effects of substrate length and structure.

Evaluating assembly on different substrates with various lengths and structures requires
multiple techniques. Here, we use size exclusion chromatography (SEC), transmission
electron microscopy (TEM), and single-particle resistive-pulse sensing. SEC can be used to
assess the size distribution of large populations of particles but lacks detail 23: 2729,
Negative stain TEM allows visualization of individual particles but can cause distortion and
may not show a representative sample. Resistive-pulse sensing is a nondestructive technique
for rapid-sensing, characterization, and sorting of particles with nanometer dimensions 30-33,
This technique measures changes in ion current resulting from displacement of an
electrolyte solution by a solute as it passes through one or several nanopores. The amplitude
of the pulse is proportional to the volume of solute displaced 34, and the frequency is
proportional to particle concentration. Resistive-pulse sensing has been used to characterize
Hepatitis B Virus assembly 30 35-37,

To investigate the role of substrate on capsid assembly, we tried to select substrates that
matched the simplicity of the dodecahedral capsid. For SV40, each VP1 monomer has 5
positive charges on the C-terminal tail, resulting in a total of 300 positive charges for a T=1
VLP. Thus, we chose four lengths of RNA with 300, 500, 600, and 800 nucleotides (nt). A
linear poly(styrene sulfonate) (PSS) molecule with an average length of 600 subunits was
also selected to make a head-to-head comparison to test whether substrate structure affects
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assembly. We wished to maximize the difference between characteristics of our RNA
substrates and the PSS comparator. PSS has a persistence length similar to that of a
hypothetical sSRNA that lacks base-pairs but PSS has a smaller excluded volume due to the
hydrophobic styrene side chains 38. Conversely viral RNA, in general, has a pronounced
tendency to form compact structures based on its density of base-pairing 39 40, thus our
source of RNA is the P1 region of Bovine Enterovirus 41. We found the particle yield and
uniformity were sensitive to both substrate length and structure.

Assembly on RNA and Polyelectrolyte with Various Lengths

SV40 VP1 pentamers can assemble on nucleic acid (NA) in vitro into various structures
governed by protein-protein interactions and the nature of the NA scaffold 22. The ratio of
VP1 pentamer to NA dictated assembly products; assembly on a linear 600 bp dsDNA led to
the formation of 22 and 45 nm diameter particles and even tubular structures 22. By contrast,
assembly on a flexible sSRNA molecule of similar size, 500 nt, yielded uniform 22 nm
diameter T=1 virus-like particles (VLPs) 23. These results suggested that NA length and
structure modulate the size and geometry of assembly products.

To further investigate the effect of NA length on assembly, we synthesized viral RNAs with
lengths of 300, 500, 600, and 800 nt. As sSRNA molecules (except some homopolymers
such as polyA) have substantial high-order structure due to base-pairing, we also examined
assembly on PSS with an average length of 600 units; PSS is a flexible, linear polyanion
without secondary structures.

To assemble a dodecahedral capsid with one polyanionic cargo, VP1 pentamers were mixed
with RNA or PSS at a molar ratio of 12:1; the final assembly buffer was 50 mM MOPS, pH
7.2, 125 mM NacCl, a condition previously examined#2. Using dynamic light scattering, we
found changing ionic strength had little effect on the assembly products for a given
substrate; thus, ionic strength was not further investigated. Mixtures were allowed to
equilibrate for 0.5 h at room temperature (22C) and then evaluated by SEC (Figure 1).
Assembly with different substrates resulted in different elution profiles. All RNA assembly
products had symmetrical peaks, which suggests a largely homogeneous population.
However, the elution volumes were different with 10.1, 9.3, 9.2, and 9 mL for 300, 500, 600,
and 800 nt RNA, respectively. This difference in elution volumes indicated that 300 nt RNA
assembly products may have either fewer subunits or more compact conformation, whereas
800 nt RNA assembly products may be larger than previously characterized T=1 VLPs. In
contrast, PSS assembly products eluted as a major peak centered at 9 mL with a shoulder at
~7.9 mL. This elution profile suggested that the majority of PSS assembly products had a
similar size distribution as the 800 nt RNA assembly products, but a portion were larger than
T=1 VLPs. There was no evidence of incomplete particles in any of these assembly
reactions. These results for both 500 nt and 600 nt RNAs were consistent with our earlier
studies with the 500 nt RNA, in which one substrate molecule was packaged for each
particle, and the association energy was relatively strong 2.
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As seen in Figure 1, the shorter RNA substrates (300 nt) with fewer negative charges had
more free pentamers remaining after assembly compared to 500 nt RNA substrates. In
contrast, the longer RNA (800 nt) substrates had less free pentamers remaining. On the basis
of absorbance of protein and RNA, we quantified the percentage of VVP1 in the capsid and
pentamer SEC peaks which allowed us to calculate the average number of substrates per
capsid (Table 1). For the 300 nt RNA, 77% of the VP1 was in the capsid peak resulting in an
average of 1.30 RNA molecules per capsid. That is, about 3/4 of the capsids contained a
single RNA.

Morphologies of Assembled Products

RNA and PSS assembly products were also examined by transmission electron microscopy
(TEM) (Figure 2). As expected, 500 nt RNA assembly products showed T=1 size spherical
particles with diameters of 22 nm (Figure 2B). In contrast to the slight size difference shown
by SEC, 300 nt RNA assembly products displayed sizes similar to T=1 VLPs with diameters
of 22 nm (Figure 2A) although size differences obscured by staining could not be ruled out.
The majority of 800 nt RNA assembly products had sizes similar to T=1 VLPs (Figure 2C),
but larger nonspherical particles were observed (Figure 2C, highlighted by white circles). As
a working hypothesis, each capsid is nucleated by a single event. As there is no reason to
suspect heterogeneous nucleation where a complete capsid could stimulate formation of an
adjacent complex, a doublet or triplet comprised of abutting capsids may result in cases
where assembly is initiated at multiple sites on a single RNA molecule. We note that the
larger numbers of pentamers can compensate for the negative charges on the longer
substrate. This hypothesis is also consistent with strong RNA-pentamer and pentamer-
pentamer interactions that render the nucleated complex unable to correct itself to anneal
into T=1 VLPs.

PSS assembly products showed strikingly different morphologies (Figure 2D) from RNA
assembly products. Approximately 40% of the particles were T=1 like particles, 50% of the
particles were doublets (two 22 nm particles connected together), and 10% of the particles
were triplets (three particles connected together in a linear or compact fashion). We note that
PSS is a linear polyanion without secondary structure, whereas the secondary structure of
ssRNA makes it more compact and better represented physically as a branched polymer 3°.
For PSS the length of the linear molecule was enough to allow nucleation at multiple sites
and formation of separated particles, in comparison with more compact 800 nt RNA
assembled nonspherical particles (Figure 2C and D).

Resistive-Pulse Measurements of RNA and PSS Assembly Products

Resistive-pulse sensing was used to characterize the populations of RNA and PSS assembly
products. The use of multiple nanopores in series increases measurement precision and
improves statistics compared to a single nanopore device #3. The dimensions of the
nanopores were tailored to sense SV40 T=1 VLP and also accommodate larger species;
consequently, the nanopores were milled 70 nm wide, 70 nm deep, and 290 nm long.

To improve measurement precision of these nucleoprotein complexes, we used nanofluidic
devices with four pores in series. Also, to work at the relatively low ionic strengths (350 mM
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NaCl) used in these experiments, the glass surface of the device was coated with a short-
chain poly(ethylene glycol) to minimize capsid-surface interactions and to suppress electro-
osmotic flow 30,

Samples for resistive-pulse measurements were RNA and PSS assembly products
fractionated into 0.5 mL aliquots by SEC with a Superose 6 column. Figure 3 shows
histograms of the average pulse amplitude for selected fractions for each of the four
assembly substrates. For 300 nt RNA assembly (Figure 3A), fraction 21 was collected from
the center of the peak (10.1 mL; green line in Figure 1). The symmetrical distributions
shown for different fractions suggest a homogeneous population for 300 nt RNA assembly
products, consistent with SEC (Figure 1) and TEM (Figure 2A). For 500 nt RNA assembly
(Figure 3B), fraction 20 was collected from the center of the peak (9.3 mL; blue line in
Figure 1). Resistive-pulse measurements showed that other fractions are largely
homogeneous with a few larger species observed in an early fraction (fraction 17). Of note,
the 300 nt and 500 nt RNA T=1 capsids displace approximately the same volume of
electrolyte indicating that they are the same size, in contrast to the SEC results (Figure 1) but
consistent with TEM results (Figure 2).

The histograms of 800 nt RNA assembly clearly show the formation of heterogeneous
particles (Figure 3C). Fraction 19, collected from the center of the SEC peak (red line in
Figure 1), were almost entirely T=1 VLPs. However, the earlier fraction 16 showed a
significant number of pulses with amplitudes (477 = 0.40) nearly double the amplitude of the
T=1 VLP (4i/i=0.22). This result indicates that these particles contain approximately twice
the protein volume of a T=1 capsid and are consistent with the oval-shaped particles obvious
by TEM (Figure 2C, white circles).

The overlay of PSS assembly fractions is a more complex story (Figure 3D). Fractions 19
and 21, collected from the center and the tail of the SEC peak, respectively, are dominated
by T=1 particles but are surprisingly broad. The high mass shoulder of the SEC peak (7.9
mL), fractions 15 and 17, included ill-resolved larger species. These data are consistent with
the doublets and triplets observed by TEM (Figure 2D) but also suggest a much greater
degree of heterogeneity than observed in the TEM micrographs.

To directly visualize the size differences among substrates, histograms of fractions collected
at the same elution volume are overlaid in Figure 4. The histogram overlay of fraction 17
(Figure 4A), the high molecular weight edge of the SEC peak, shows that the assembly
becomes more heterogeneous as the size of an RNA substrate increases. However, PSS,
which is smaller than the 800 nt RNA, shows the most heterogeneous distribution with a
continuum of pulse amplitudes. This observation is in contrast with the distinct peaks for
VLP doublets and triplets seen in early fractions with the 800 nt RNA assembly products
(Figure 3C). For all substrates, particles isolated from the center of the SEC peak are
homogeneous with the majority population at the T=1 size (Figure 4B). Particles from the
trailing edge of the SEC peak (fraction 21) are largely homogeneous, except for PSS. Again,
PSS assembly produced a wide range of products, this time at lower A/ values, indicating
sizes smaller than T=1 VLP. These smaller particles may be incomplete or have diameters
less than 22 nm (Figure 2D).
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Figure 5 shows histograms of the pore-to-pore times for products assembled with 300 nt
RNA, 500 nt RNA, 800 nt RNA, and 600mer PSS and, subsequently, purified by SEC. The
pore-to-pore times were measured between adjacent current pulses for a single particle. With
four pores in series, three pore-to-pore times were averaged for each series of pulses from a
VLP translocating the series of pores. For these measurements, the VLPs are negatively
charged and migrating electrophoretically in the anodic direction (i.e., toward the positive
electrode). For VLPs assembled with RNA, pore-to-pore times decrease with increasing
RNA length. Excess negative charge from the RNA contributes significantly to the shift
toward higher electrophoretic mobilities of the particles. Products assembled with PSS have
the shortest pore-to-pore times (i.e., highest electrophoretic mobilities), which indicate these
VLPs have the largest amount of excess negative charge exposed and contributing to the
electrophoretic mobility.

Discussion

We have shown that the length and structure of substrates affect the assembly of SV40 T=1
VLPs. The optimal substrate is determined by a complex interplay between capsid charge,
capsid size, and substrate length and structure. Shorter substrates yield more compact
particles, and longer substrates yield oversized particles. These observations are consistent
with the hypothesis that the capsid proteins may have to drive the substrate to an ideal
conformation and, conversely, that assembly may be supported by an ideal shape 8: 9.

In our model system, we found that the secondary and tertiary structure of cargos modulate
assembly. The 600mer PSS and 500 nt RNA have a similar charge but dissimilar assembly
products. This difference indicates that the electrostatic interactions alone were not able to
compensate for energetic cost, work, required to condense the substrate. The structure
inherent in RNA led to a more compact molecule3® and greatly reduced the barrier for
successful assembly of a compact capsid. In general, viral RNA is substantially more
compact than nonviral sequences; Gopal and co-workers observed that large RNAs formed
ellipsoidal structures. The hydrodynamic radius, Ry, of a nonviral RNA was about half the
radius of gyration one would calculate based on its length, and the Ry, for nonviral RNA was
as much as twice that of viral RNA 39 40, Our data support the concept that compactness
matters. Similarly, model studies with gold nanoparticles show that there is an optimal size
for capsid assembly 4 844 The longer RNA and PSS frequently lead to doublets and triplets
of capsids. Doublets and triplets may be kinetic traps because they do not readily equilibrate
into a T=1 capsid. However, we cannot unequivocally differentiate whether singlets,
doublets, triplets, or a mixture represent the energy minimum for this reaction.

Tresset and co-workers found that CCMV had a preference for PSS over ssRNA 38 whereas
we find that SV40 T=1 binds both substrates with high affinity but forms more uniform
particles on RNA. In these two systems, CCMV and SV40, the electrostatic character of
interaction is very similar. One possible basis for the difference in substrate preference is
rooted in the mechanism of assembly. CCMV assembly appears to depend on initial
formation of a nonicosahedral nucleoprotein complex that eventually anneals into a

capsid > 6:26_ For S\V/40, in a SAXS study, assembly on RNA appeared to be a two-state
reaction with no large diameter intermediates observed 42. The differences in these
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mechanisms are likely to arise from the strength of protein-protein interactions relative to
protein-RNA interactions, with stronger protein-protein interactions favoring the two-state
mechanism 6:13.26.45 Conversely, weak protein-protein interactions will favor initial
formation of an amorphous nucleoprotein complex and are more compatible with a large
unstructured substrate such as PSS. Strong protein-protein interactions will favor stepwise
addition of subunits to a geometrically regular complex and are better suited for a more
compact substrate, exemplified by viral RNA. We note that the kinetics of protein-protein
interaction, which will also be modulated by substrate shape, will contribute to the choice of
paths.

‘Overcharged’ capsids, where the negative charge of the substrate exceeds the positive
charge on capsid, appear to be thermodynamically favored 1246 47 |n general, assembly
around NAs is predominantly driven by electrostatic interactions between NA phosphate
groups and basic amino acids. The typical ‘charge ratio’ of negative charge on NAs to the
positive charge on the protein is estimated to be ~1.5:1 for many ssSRNA viruses 12. 4647,
However, recent theoretical models based on linear polyelectrolytes predicted that optimal
NA charge may be equal to positive capsid charges 13- 48-50, This contradiction is mainly
due to the structural differences between ssSRNA and polyelectrolytes, which suggests that
NA tertiary structure plays more decisive roles than charges alone 12,

To better understand the effect of charges on SV40 T=1 assembly, the charge ratios of
negative charge on five substrates to the positive charge on 12 pentamers are listed in Table
2, assuming each VP1 contains five positively charged residues that interact with the
substrate. The calculated ratio indicates that capsid assembly led to spontaneous
‘overcharging’; that is, the negative charge of the substrate exceeds the positive charge on
the capsid. We found that charge ratios of 1 and 1.67 gave the highest yield of T=1 VLPs.
Interestingly, the 300 nt RNA, the number of RNA molecules per capsid is 1.3 (Table 1),
consistent with a situation where 77% of capsids have one RNA and a charge ratio of 1 and
23% of capsids have two 300 nt RNAs and a charge ratio of 2 (Table 2). For PSS, the charge
ratio is 2, within the reported optimal ratio range 11 12.46. 47 though this ratio produced a
substantial percentage of malformed particles. The highest charge ratio tested in our study
was 2.67 for 800 nt RNA, which produced T=1 VLPs, but predictably led to malformed,
oversized particles. The results with RNA were largely consistent with the conclusions from
a recent report which used coarse-grained models based on experimental observations 12,
However, the effect of PSS on assembly shows that even in a supposedly simple system, the
products of assembly can be diverse. The degree of overcharging is also seen in the pore-to-
pore times in Figure 5. As the RNAs increase in length, the pore-to-pore times decrease.
These results are consistent with the charge ratio calculated in Table 2. Interestingly,
products assembled with PSS showed the shortest pore-to-pore times. These VLPs most
likely do not have the PSS completely packaged inside the particle; consequently, excess
charge dangling outside the VVLPs contributes to a greater extent to the electrophoretic
mobility than expected from the calculated charge ratio.
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Materials and Methods

Protein and Substrate for Assembly Reactions

SV40 VP1 VLPs and pentamers were produced in Spodoptera frugiperda 9 (Sf9) insect cells
as previously described °1. Pentamers were obtained by dissociating VLPs by dialysis first
against 20 mM Tris-Cl, pH 8.9, 50 mM NaCl, 2 mM DTT (dissociation buffer) with 5 mM
EDTA and then against dissociation buffer with 2 mM EDTA at 4 °C. The dialysate was
centrifuged at 20,000 g for 30 min at and 4 °C to sediment aggregated protein. The clarified
supernatant was loaded on a Superose 6 column equilibrated in 2x assembly buffer (100 mM
MOPS, pH 7.2, 250 mM NaCl), and the pentamer peak was pooled and quantified by UV
absorbance with an extinction coefficient of e5gp = 32,890 M~1ecm™ per VVP1 monomer 22,

PSS with MW = 126,700 Da was purchased from Scientific Polymer Products. The 300,
500, 600, and 800 nt RNAs were in vitro transcribed from linearized pUC19-BEV-1 with a
MegaScript T7 kit (Ambion).

Equilibrated Assembly Reactions

VP1 pentamers (3.6 uM) purified by Superose 6 column were mixed with 0.3 uM RNA or
PSS in 2x assembly buffer. SEC was performed with a Superose 6 column (22 mL, GE
Healthcare) equilibrated with assembly buffer. Samples for TEM were adsorbed to freshly
glow-discharged, formvar-carbon coated copper grids (EM sciences) for 25 s, stained with
2% urany| acetate for 25 s, and washed with deionized water. Samples were visualized with
a JEOL JEM 1010.

Resistive-Pulse Device Fabrication and Measurement

Nanofluidic devices were fabricated as previously described 38. The microchannels were
formed in D263 glass substrates by standard UV photolithography and wet chemical
etching. The nanochannels and nanopores were milled directly into the glass substrates with
a dual-beam focused ion beam (FIB) instrument (Auriga 60, Carl Zeiss, GmbH) controlled
by NanoPatterning and Visualization Engine (NPVE; FIBICS, Inc.). Nanopores for VLP
measurements were typically 70 £ 5 nm wide, 70 £ 5 nm deep, and 290 £ 10 nm long. The
pore-to-pore channels formed between pores were 310 £ 10 nm wide, 120 £ 5 nm deep and
520 + 10 nm long. The two nanochannel sections that connect the pores at the ends to the
microchannels were milled 520 + 10 nm wide and 225 + 5 nm deep. Device dimensions
were determined by SEM and AFM (MFP-3D, Asylum Research, Inc.).

Channels were sequentially filled with methanol, 50:50 methanol:water, water, 0.1 M
NaOH, water, and 50 mM MOPS buffer (pH 7.5) with 350 mM NacCl. Prior to sensing the
SV40 particles assembled with PSS and RNA, the channels were coated with (2-
[methoxypoly(ethyleneoxy)6-9propyl] dimethylmethoxysilane) to reduce electroosmaotic
flow and minimize particle adsorption. All solutions were filtered with 20 nm syringe filters.
Ag/AgCI electrodes were placed inside the buffer-filled reservoirs, and an Axopatch 200B
current amplifier (Molecular Devices, Inc.) was used to apply the potential and to measure
the current. Collection frequencies of 100 kHz and filter frequencies of 10 kHz were used
for the sensing experiments.

ACS Chem Biol. Author manuscript; available in PMC 2018 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 9

Current data were imported into MATLAB (MathWorks) and analyzed with a modified

ve
eal

rsion of OpenNanopore 2 to determine pulse amplitude (Ai), baseline current adjacent to
ch pulse (i), pore-to-pore time (typ), and pulse width (w) for each capsid that transits the

four pores in series.
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Figure 1. Size exclusion chromatograms (SEC) of PSS and RNA assembly products
The VP1 pentamer (dashed line) eluted at 14.3 mL. PSS assembly products (black) eluted at

9 mL with a shoulder around 7.9 mL. RNA assembly products for 300 nt (green), 500 nt
(blue), 600 nt (purple), and 800 nt (red) RNAs eluted at 10.1, 9.3, 9.2, and 9 mL,
respectively.
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Figure 2. Morphology of RNA and PSS assembly products by TEM
(A) 300 nt RNA assembly products appear to be T=1 VLPs. (B) 500 nt RNA assembly

products also appear to be T=1 VLPs. (C) 800 nt RNA assembly products show T=1 VLPs
and oversized particles (white circles). (D) PSS assembly products show singlets, doublets,
and triplets of T=1 size particles. The scale bars in all images are 200 nm wide and 22 nm
high, the diameter of a T=1 VLP.
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Figure 3. Histograms of aver age pulse amplitude for products assembled from (A) 300 nt RNA,
(B) 500 nt RNA, (C) 800 nt RNA, and (D) 600mer PSS and purified by SEC

(A) All fractions of 300 nt RNA assembly products have similar average pulse amplitudes
for T=1 VLPs, which indicate homogeneous assembly (total counts = 6831). (B) Most 500
nt RNA assembly products exhibit a single peak in pulse amplitude for T=1 VLPs, which
suggests mostly homogeneous assembly and some larger species were detected in the
earliest fraction (fraction 17; total counts = 6141); (C) The earliest fraction in 800 nt RNA
assembly products (fraction 16) shows a significant number of pulses at nearly double the
pulse amplitude of the T=1 VLP (total counts = 5358). (D) PSS assembly products show a
range of pulse amplitudes with a significant number of larger species (total counts = 2654).
The average pulse amplitude (4)) is normalized by the baseline current (i).
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Figure 4. Histograms of aver age pulse amplitude for assembly productsfrom SEC fractions (A)
17, (B) 19, and (C) 21

(A) Histograms for fraction 17 (total counts = 3749). The assembly becomes more
heterogeneous as the size of the substrate increases. (B) Histograms for fraction 19 (total
counts = 7479). The assembly is much more homogeneous, but the larger substrates still
show some slight preference toward larger products. (C) Histograms for fraction 21 (total
counts = 9606). The assembly is largely homogeneous, but the larger substrates shift slightly
to larger species. The average pulse amplitude (4/) is normalized by the baseline current (/).
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Figure 5. Histograms of the pore-to poretimes for products assembled with 300 nt RNA, 500 nt

RNA, 800 nt RNA, and 600mer PSS and purified by SEC

For the products assembled with RNA, pore-to-pore times decrease with increasing RNA
length and, therefore, excess negative charge. Products assembled with PSS have the shortest

pore-to-pore times, which suggests the PSS is not completely packaged in the VVLPs.

Assembly products were taken from fractions 19 and 20 (total counts = 20923).
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Table 2

Correlations of substrate length, 29 structure, and charge ratio to the assembly products.

Substrate Chargeratio for T=1 Product
300 nt ssRNA 1 T=1
500 nt ssRNA 1.67 T=1
600 nt ssRNA 2 T=1
800 nt ssSRNA 2.67 T=1 and oversized particles
600 mer PSS 2* Doublets, triplets, and T=1

For PSS reactions where the initial ratio of pentamers per polymer was 12:1, doublets and triplets comprised of one PSS and 24 or 36 pentamers
would be neutral or undercharged with ratios of 1.0 and 0.67, respectively. Therefore, we cannot exclude the possibility that they contain more than
one PSS molecule per complex.
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