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Abstract: Understanding the assembly pathway of viruses
can contribute to creating monodisperse virus-based materi-
als. In this study, the cowpea chlorotic mottle virus (CCMV)
is used to determine the interactions between the capsid
proteins of viruses and their cargo. The assembly of the
capsid proteins in the presence of different lengths of short,
single-stranded (ss) DNA is studied at neutral pH, at which
the protein–protein interactions are weak. Chromatography,
electrophoresis, microscopy, and light scattering data show

that the assembly efficiency and speed of the particles in-
crease with increasing length of oligonucleotides. The mini-
mal length required for assembly under the conditions used
herein is 14 nucleotides. Assembly of particles containing
such short strands of ssDNA can take almost a month. This
slow assembly process enabled the study of intermediate
states, which confirmed a low cooperative assembly for
CCMV and allowed for further expansion of current assembly
theories.

Introduction

Viruses are well known as infectious and disease-causing parti-
cles, but, from the point of view of a materials chemist, they
are wonderful multicomponent systems with highly defined
structures. Their self-assembly into monodisperse nanoparticles
is unparalleled by synthetic particles. Viruses and their protein
capsids are therefore increasingly studied to produce new
functional materials. As such, they have been applied as cata-
lytic particles, to synthesize inorganic nanoparticles, or as med-
ically active agents.[1–3] For these and future applications, it is
relevant to know how a virus assembles and how non-native
cargo can be encapsulated in the viral protein cage. Various
studies, commonly involving model viruses, have been con-
ducted to gain insights into the virus assembly processes, but
the physiochemical pathways of the assembly of the virus shell
and the packaging of the cargo inside is still not fully under-
stood.

A well-studied model virus is the cowpea chlorotic mottle
virus (CCMV). CCMV is often studied because of its safety, sim-
plicity, and controllable disassembly and reassembly behav-

ior.[4–6] The native CCMV is a positive-sense RNA virus that con-
sists of 90 identical capsid protein (CP) dimers, has a diameter
of 28 nm, and T = 3 icosahedral symmetry.[7, 8] In vitro studies
show that CCMV can easily be disassembled into its RNA and
free CP dimers upon raising the pH and increasing the ionic
strength. Isolated CP can be reassembled into empty capsids
at low pH and high ionic strength. Furthermore, CPs can as-
semble around non-native polyanionic species, for example,
polymers,[9–12] nanoparticles,[13, 14] or genomic material,[15–17]

forming virus-like particles (VLPs) with T = 1, 2, or 3 icosahedral
symmetry and diameters of 18, 23, and 28 nm, respectively, de-
pending on the cargo.[18] Thus, CCMV can be used in a wide
array of applications.

In most of the work described in the literature, CPs assemble
into well-defined, stable capsids that are studied at pH�5.
This is due to stronger CP–CP interactions at this pH, which
consist of a combination of hydrophobic attractions and elec-
trostatic repulsions. The latter repulsion is stronger if the acidic
residue on the Glu81 (pKa = 6.5) position of CCMV is deproton-
ated at high pH; thus decreasing the CP–CP strength. This is
also evident from the swelling of the native CCMV virus at neu-
tral pH in the absence of divalent salts.[1, 19, 20]

Next to the CP–CP interactions, CP–cargo interactions play a
role in CP assembly. This binding results from electrostatic at-
traction of the negatively charged cargo and the positively
charged arginine-rich motif (ARM) on the N terminus of CCMV.
In the case of CCMV, this interaction is known to be independ-
ent of pH, within the stability range of the virus, but it de-
pends strongly on the ionic strength of the solution.[21, 22] The
combination of CP–CP and CP–cargo interactions drive assem-
bly to make it more efficient at acidic pH and less efficient at
neutral pH.[16] Theoretical studies have been used to investi-
gate the effect of varying the interactions and shown a specific
range of conditions required for successful VLP formation.[23, 24]
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Apart from VLP formation at pH 5, there are also reports in
the literature proving that CCMV can form defined VLPs at
neutral pH, at which CP–cargo interactions dominate, in the
presence of a sufficiently negative template.[9, 14, 25] However,
the required strength of this interaction and the exact mecha-
nism of assembly under these conditions are currently not yet
fully understood. Therefore, herein, we seek to determine the
minimal number of charges, that is, the number of nucleotides
(nt), needed to induce virus assembly around oligonucleotides.

For this study, short, single-stranded DNA (ssDNA) is used
because of its increased stability over RNA, but with similar
characteristics. The ssDNA is synthesized in a sequence that
cannot form stable hairpins or self-dimers at room temperature
to reduce the possibility of (favorable) interactions with pro-
teins, resulting from their secondary structure or se-
quence.[26–28] Understanding the minimal requirements for as-
sembly may increase our understanding of virus assembly at
neutral pH, in general ; thus helping to devise new functional
materials, for example, for medicine and nanotechnology,
through the encapsulation of foreign cargos. Furthermore, the
encapsulation of short strands of DNA or RNA may be of great
interest for antisense oligo-DNA and small, interfering RNA
(siRNA) delivery. Additionally, it can be used to improve encap-
sulation of other foreign cargo into viral capsids to develop
new materials with applications in, for example, medicine and
nanotechnology.

Results and Discussion

Encapsulation of oligonucleotides at neutral pH

To test the hypothesis of neutral pH assembly of CP with
ssDNA, the CP dimers were mixed with ssDNA containing 40
bases. To allow the particles to reach full maturity, the samples
were purified by means of size-exclusion chromatography
(SEC) after one week. An incubation time of one week is long,
compared with encapsulation times required for longer poly-
nucleotides;[15] however, initial experiments showed that, for
these short nt, assembly is slow and requires a week of incuba-
tion. Furthermore, the assembly is also strongly influenced by
the ionic strength of the assembly solution. Salt concentrations
that are too low (<50 mm) cause the CPs to precipitate,
whereas at higher salt concentration (>100 mm) assembly
does not occur (Figure S1 in the Supporting Information). The
chromatogram (Figure 1 a) shows the existence of two elution
peaks: one at an elution volume of around 11 mL and one of
around 17 mL. This peak at 17 mL corresponds to the elution
profile of free DNA and possibly some residual CP dimers (Fig-
ure S2 in the Supporting Information), whereas the peak at
11 mL signifies a significant increase in size and possibly the
formation of stable particles. The size distribution of the mate-
rial eluting at 11 mL in solution was further analyzed by means
of DLS, which indicated the existence of monodisperse parti-
cles with a hydrodynamic diameter of (19.2�0.2) nm (Fig-
ure 1 b). TEM analysis confirmed particle formation, with parti-
cle sizes ranging from 18 and 24 nm with an average diameter,
D, of (20�2) nm (Figure 1 b,c). This size range corresponds to

similar work on RNA encapsulation in CCMV by using 140 base
RNA chains at pH 5.[15, 16] The existence of spherical particles in
TEM seems to indicate that these are not pre-capsids, but fully
assembled VLPs corresponding to T = 1 and pseudo-T = 2 trian-
gulation geometry. To further confirm the initial findings,
small-angle X-ray scattering (SAXS) experiments were carried
out with these samples and with wild-type CCMV (WT-CCMV)
at pH 5 and 7.5.

Data obtained during these measurements show curves that
indicate highly structured assemblies in solution in all cases
(Figure S3 in the Supporting Information). Guinier approxima-
tion was used to obtain a radius of gyration, Rg, for these sam-
ples (Table 1). Particle radii were determined from a pair–dis-
tance distribution function (P(r) distribution) and by fitting the
data with a form factor of a homogeneous sphere[29] (Table 1).

Table 1 shows that particle radii determined from the P(r)
distribution and the model showed similar results. From Fig-
ure S3 in the Supporting Information, it can be observed that
the form factor fits deviate from the experimental scattering
curves at high values of q. We fitted the scattering curves by
using the form factor of homogeneous spheres, such as gold
nanoparticles. At larger length scales (low q) this works very
well. At shorter length scales (high q), deviations arise from the
fact that VLPs are not homogeneous because they consist of a
protein shell containing DNA. The particle radius is, therefore,
determined by using this model for q<0.027.

Furthermore, the ratios of Rg/RP(r) and Rg/Rformfactor are, in all
cases, approximately 0.77, which matches the expected ratio

Figure 1. a) SEC trace of CCMV CPs mixed with 40 nt ssDNA. b) Dynamic
light scattering (DLS) and c) TEM analysis of the particles formed by CPs and
40 nt ssDNA.

Table 1. Radius of gyration (Rg) and particle radii (RP(r) and Rmodel) deter-
mined for 40 nt ssDNA filled VLPs and WT-CCMV at pH 7.5 from SAXS
data.

Sample Rg [nm] RP(r) [nm] Rformfactor [nm]

40 nt ssDNA VLPs 9.4 12.3 12.0
WT-CCMV pH 7.5 12.2 15.8 15.5
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of Rg and the hydrodynamic radius (RH) for a sphere:

Rg

Rh
¼

ffiffi

3
5

q

¼ 0:775.[30] The P(r) distribution plots (Figure S3 in the

Supporting Information) show symmetrical curves, which indi-
cate that the samples are monodisperse. This again suggests
that VLPs are properly formed because random aggregates are
expected to be more polydisperse and the SAXS curves of
polydisperse particles would not show the distinct features of
the form factor of a homogeneous sphere.

Similar results were observed in assemblies with 30 nt
ssDNA. These samples were, however, further studied by rean-
alyzing the isolated VLP peak by means of SEC to test the sta-
bility (Figure S4 in the Supporting Information). Reinjection of
the isolated VLP peak into the SEC setup shows partial disas-
sembly of the particles. This could be caused by concentration
steps required before reinjection, but could also indicate that
under the applied conditions the formed particles are dynamic,
which allows them to swell and disassemble. This is supported
by studies of similar particles, for which cryoelectron microsco-
py shows clear swelling at neutral pH that results in large
pores in the capsids.[1, 31]

VLPs containing ssDNA were treated with DNAses to deter-
mine whether the protein shell protects the DNA from diges-
tion. Proper protection from DNAses may indicate proper
capsid formation,[20] and is crucial if these constructs would be
used for DNA or RNA delivery purposes. In Figure S5 in the
Supporting Information, a sample treated with DNAses is com-
pared with a similar, untreated sample. In both cases, particles
are observed; however, fewer particles are present in the
sample treated with DNAses. We suspect this may be caused
by the dynamic nature of the particles under neutral condi-
tions observed above. As suggested by Bancroft et al. , this
may allow more of the DNAse to reach and digest the DNA,
causing fewer particles to be left in solution.[32] Furthermore,
the peak of free ssDNA shifts from an elution volume of 18 mL
for the untreated sample to an elution volume of 20 mL for
the digested sample. This clearly indicates that the free ssDNA
is indeed digested, which causes smaller DNA fractions to
elute at a higher elution volume. The VLPs present in the
DNAse-treated sample were isolated and disassembled to de-
termine whether the ssDNA inside the particles was protected
from the DNAse. Figure S6 in the Supporting Information
shows that the ssDNA from the disassembled particles has the
same elution volume as that of untreated ssDNA in the same
buffer. This indicates proper protection of the ssDNA inside the
particles, in agreement with proper VLP formation.

In our opinion, these results are a clear verification that
CCMV CP can assemble around ssDNA into well-formed VLPs
at neutral pH.

Minimal ssDNA length required for assembly

After confirmation of assembly at neutral pH, we sought to
find the ssDNA size range required to induce assembly of CP.
This was achieved by mixing CCMV CPs with various lengths of
ssDNA, starting from 10 nt. The ssDNA sequences used are
similar to part of the 40 nt ssDNA sequence; thus having a

random sequence, while avoiding hairpins and self-dimers. A
constant concentration and weight ratio of CPs to ssDNA was
used in all experiments. The assembly behavior was investigat-
ed by means of SEC, DLS, TEM, and gel electrophoresis.

From SEC, a number of significantly different elution profiles
were observed over the range of ssDNA lengths. Figure 2 a–c
shows the SEC traces in which a transition in behavior is ob-
served; SEC traces of other ssDNA lengths are presented in Fig-
ure S7 in the Supporting Information. Short lengths of ssDNA

(10–13 nt) have a similar elution profile to that of 13 nt ssDNA
with CPs. This shows a free CP peak at 17 mL and free ssDNA
at 18.5 mL, which indicates that the two compounds have little
to no stable interactions on the timescale of an SEC measure-
ment, but a transition can be seen in samples starting from an
ssDNA length of 14 nt. These ssDNAs show coelution of the
CPs and some of the ssDNA, which causes an increase of the
absorption at l= 260 nm at the CP elution volume (Figure 2 a).
Similar trends were observed for all samples containing 14–
17 nt ssDNA; however, no VLPs, which normally eluted at 8–
13 mL, were observed in these cases (Figure 2 a,b). In addition
to an increased absorption at l= 260 nm, a widening of the
CP peak (17 mL) to smaller elution volumes, starting before
16 mL, was observed, which suggested particles with increased
size relative to those of free CP or ssDNA alone eluting from
the column. This might indicate the formation of pre-capsids,
in which CPs and ssDNA associate without forming full VLPs.

Figure 2. SEC traces of CCMV CPs mixed with a) 13 and 14 nt, b) 17 and
18 nt, and c) 18 and 26 nt ssDNA. d) DLS and e) TEM analysis of the particles
formed by CPs and 25 nt ssDNA, which elute from the SEC column at
around 11 mL.
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From 18 nt onwards, another transition can be observed: a
VLP peak occurs, with an elution volume of 11–12 mL, similar
to the peak observed previously with 40 nt ssDNA (Figure 2 b).
Initially, particles were formed with very low efficiency; howev-
er, ssDNA encapsulation became more efficient upon increas-
ing the ssDNA length (Figures 2 b,c, and 3 b).

The VLP fractions were isolated and analyzed by means of
DLS and TEM (Figure 2 d,e and Figure S8 in the Supporting In-
formation). Both TEM and DLS showed particle sizes between
18 and 24 nm, which matched the sizes of T = 1 and 2 icosahe-
drally symmetric structures observed for CCMV capsids.[18]

The absorption intensities at l= 280 and 260 nm used to
detect the SEC outflow were further analyzed and applied to
study the assembly behavior (Figure 3). The trend in CP–ssDNA
interactions was investigated by plotting the absorption at l=

280 nm divided by the absorption at l= 260 nm of the CP
peak (17 mL) for samples with ssDNA ranging from 10 to 26 nt.

Overall, two trends are observed in this plot. First, with
ssDNA ranging from 10 to 16 nt, the ratio strongly decreases,
which indicates greater absorption at l= 260 nm from DNA
and suggests that more of the ssDNA is coeluting with the
CPs. The second trend, with ssDNA ranging from 16 to 26 nt, is
that the ratio is almost stable, which is an indication that each
capsid contains a similar amount of DNA. The slight increase in
ratio is because, as the ssDNA gets longer, more of the pre-
capsids mature into VLPs. Due to overlap of the elution peak
of free 40 nt ssDNA and free CPs, this sample is not included in
Figure 3 a.

The efficiency of ssDNA encapsulation was investigated by
studying the ratio of the maximum absorption at l= 260 nm
of the VLP peak (11–12 mL) and the maximum absorption at
l= 260 nm of the free ssDNA peak (Figure 3 b). The efficiency
is defined as the relative amount of encapsulated DNA versus
free DNA. We assume that the CP contribution to the signal at
l= 260 nm has a minimal influence on this analysis. As indicat-
ed previously, the VLPs were observed starting from an ssDNA
length of 18 nt. Initially, for 18–20 nt, the efficiency is low and
almost constant. From a length of 20 nt onwards, the encapsu-
lation efficiency increases linearly with the numbers of nt (Fig-
ure 3 b).

To confirm the SEC results, agarose gel electrophoresis (AGE)
stained with SYBR safe DNA stain was employed. Figure 4
shows the AGE results of CPs mixed with various lengths of
ssDNA after incubation for one week without purification.

In Figure 4, starting from 18 nt two species are observed.
One band corresponds to free ssDNA, whereas the other band
has significantly lower gel mobility. This is most likely caused
by encapsulation of ssDNA in the virus shell, which would
yield a larger structure with lower mobility in the gel. To con-
firm the presence of protein, the same gels were stained with
Coomassie (Figure 4 b). This staining also reveals two bands:
one at the same position as the slowest DNA band and one
that runs even slower (if at all). The same position of protein
and DNA confirms that lower mobility is caused by DNA–pro-
tein interactions. Slower migration of the other protein band is
similar to that of the CP reference and contains no DNA. Migra-
tion of the CP most likely originates from the net negative
charge of CPs at the pH used.[21] Results from both SEC and
the gel are in accordance, which shows that the transition of
nonassembly to assembly is at 18 nt ssDNA under the condi-
tions employed.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis (Figure S9 in the Supporting Information)
showed that most of the CPs were intact at the time assembly
was observed to form a band corresponding to a molecular
weight of approximately 20 kDa. A faint band at approximately
18 kDa is also observed, corresponding to CPs that have lost
the ARMs on the N terminus; this indicates that the formation
of a capsid stabilizes the protein. To exclude particle formation
induced by the small fraction of CPs missing the N terminus, a
sample containing only CP was analyzed by means of SEC (Fig-
ure S2 in the Supporting Information). No particles are ob-
served in this trace, which suggests that the interactions with
ssDNA are indeed required for particle formation. It is possible
that CPs missing the ARM co-assemble with intact CPs in the
capsids formed with DNA, but are not involved in the initiation
of assembly.

The results shown herein were obtained one week after
mixing CPs and ssDNA. However, further study of these assem-

Figure 3. a) Ratio of the absorption at l= 280 and 260 nm for the CP peak
of the SEC trace (17 mL). b) Encapsulation efficiency at different numbers of
nt per strand of ssDNA based on the ratio of the absorption at l = 260 nm
of the VLP peak (11–12 mL) and the ssDNA peak (18–20 mL) in the SEC elu-
tion profile.

Figure 4. a) SYBR safe and b) Coomassie stained agarose gel. From left to
right, lane 1: CP + 40 nt ssDNA, lane 2: CP + 26 nt ssDNA, lane 3: CP + 25 nt
ssDNA, lane 4: CP + 23 nt ssDNA, lane 5: CP + 22 nt ssDNA, lane 6: CP + 21 nt
ssDNA, lane 7: CP + 20 nt ssDNA, lane 8: CP + 19 nt ssDNA, lane 9: CP + 18 nt
ssDNA, lane 10: CP + 17 nt ssDNA, lane 11: CP + 16 nt ssDNA, lane 12:
CP + 10 nt ssDNA, lane 13: 50 base pair (bp) ladder.
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blies, after three weeks, indicated a time dependence of the
CP–ssDNA interactions described above (Figure 5)

In contrast to the results in Figure 4 a, in which a second
band becomes apparent starting from 18 nt, in Figure 5 a this
second band appears at 14 nt, which suggests that CPs and
ssDNA have sufficiently strong interactions to penetrate the
gel as a complex. As observed from Coomassie staining of the
gel (Figure 5 b), 13 or 10 nt ssDNA show similar trends to that
of free CP, which suggests little to no interactions between the
protein and ssDNA.

TEM analysis of the sample containing 14 nt ssDNA proved
the presence of spherical particles in this sample (Figure 6).

For the sample containing 13 nt ssDNA, no particles could
be detected through TEM, in accordance with the data ob-
tained from AGE.

Furthermore, if the presence of particles observed by TEM
would be caused by acidic uranyl acetate staining, as suggest-
ed in ref. [20] , similar particles should be observed in all sam-
ples. Because below 14 nt ssDNA no particles are observed,
this suggests that the TEM results are not influenced by the
staining solution.

Models to explain the assembly of CCMV around RNA have
been reported,[23, 33, 34] but these do not include the characteris-
tics of CCMV at neutral pH and in the presence of short nucleic
acid strands. To expand the current models, by incorporating
the data described above, we propose the following mecha-
nism for CCMV CP assembly around oligonucleotides (Figure 7)
into a VLP. This model is partly based on a low cooperativity
model,[34] which is applicable for this virus.[20, 22]

The first step in the process is the interaction between CPs
and ssDNA. At very low ssDNA lengths, 10–13 nt, this interac-
tion was found to be too weak to be stable during the time-
scale of SEC or AGE. From 14 nt onwards, stable interactions
between CPs and ssDNA were observed. This interaction could
involve only one CP dimer with one or multiple strands of
ssDNA, or multiple CP dimers clustering around one or multi-
ple strands of DNA (Figure 7, step 2). We suspect that the ini-
tial clustering of multiple CP dimers and multiple ssDNA
strands strongly depends on the ssDNA length. At short
lengths, a single strand of ssDNA is more likely to interact with
the two ARMs of a single CP dimer, rather than with two ARMs
of two different dimers, causing slower and less efficient as-
sembly. This may be related to an interaction that exceeds the
charge of the ARM of a CCMV CP (+ 10 charges). Apparently, a
four-charge excess is sufficient for the binding of multiple CPs,
although with low probability. The binding of two dimers to
one strand would bring multiple CP dimers in close proximity,
increasing the probability of further CP–CP interactions, which
may lead to a rearrangement towards larger protein structures,
for example, pentamers (Figure 7, step 3) or other protein
structures.[35, 36] Such an initial nucleating event is a require-
ment for viral assembly, as shown previously, and explains the
time dependence.[33] The last stage of assembly is the forma-
tion of full capsids from the substructures.

In our SEC experiments, we have observed that, under the
conditions used, VLP formation around oligonucleotides is
slow, and takes up to a month for particles to form. In the case

Figure 5. a) SYBR gold and b) Coomassie stained agarose gel. Top lanes from
left to right, lane 1: CP + 20 nt ssDNA, lane 2: CP + 19 nt ssDNA, lane 3:
CP + 18 nt ssDNA, lane 4: CP + 17 nt ssDNA, lane 5: CP + 16 nt ssDNA, lane 6:
CP + 15 nt ssDNA, lane 7: CP + 14 nt ssDNA, lane 8: CP + 13 nt ssDNA, lane 9:
CP + 10 nt ssDNA, lane 10: CP. Bottom lanes from left to right: lane 1: 2-log
DNA ladder, lane 2: 20 nt ssDNA, lane 3: CP + 40 nt ssDNA, lane 4: CP + 27 nt
ssDNA, lane 5: CP + 26 nt ssDNA, lane 6: CP + 25 nt ssDNA, lane 7: CP + 24 nt
ssDNA, lane 8: CP + 23 nt ssDNA, lane 9: CP + 22 nt ssDNA, lane 10:
CP + 21 nt ssDNA.

Figure 6. TEM image of particles formed by CPs and 14 nt ssDNA.

Figure 7. Schematic assembly of CP dimers (in green, blue, and red) around
short ssDNA (orange). Step 1: Electrostatic binding of DNA to CP dimer (salt
dependent)!CP–cargo interactions. Step 2: Electrostatic binding of DNA to
bring two or more CP dimers together (salt, [CP], [DNA], and DNA length
dependent)!CP–cargo interactions. Step 3: Close proximity and combina-
tion of hydrogen, hydrophobic, and divalent salt binding causes interprotein
binding and folding into pentamers ([CP], [divalent salt] , and pH depen-
dent)!CP–CP interactions. Step 4: High cooperativity assembly into virus!
CP–CP interactions.
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of 14 nt ssDNA, ssDNA–CP interactions were observed within a
week after mixing; however, no VLPs formed at this time. Be-
cause little material elutes from the SEC column between the
VLP peak, eluting around 11 mL, and the CP peak, starting at
16 mL, it is likely that the last step is fast, otherwise intermedi-
ate-sized structures would have been observed.

As observed from our experiments, VLP formation can take
place as soon as ssDNA–CP interactions were observed, from
14 nt. This suggests that, given enough time, even slow and
inefficient clustering leads to particle formation. Calculations
were made to investigate whether the observed results could
be caused by a change in ionic strength of the solution; how-
ever, the ionic strength was found to vary little with increasing
ssDNA length (see ionic strength calculations and Table S1 in
the Supporting Information). Other factors, such as tempera-
ture or stirring, are also likely to influence the assembly kinet-
ics; however, this was not investigated during this study.

Based on the law of mass action, the concentration of pro-
tein and ssDNA in the samples is another factor that is likely to
affect the assembly kinetics.[37, 38] To test the influence of con-
centration, a number of samples were prepared with similar
CP/ssDNA ratios, but with varying concentrations. Increasing
the concentration of the components in the samples led to an
increased encapsulation efficiency (see Figure S10 in the Sup-
porting Information). Moreover, a very small particle peak is
observed upon mixing 13 nt ssDNA and CPs at high concentra-
tion, which suggests that the minimum ssDNA length for en-
capsulation depends on the concentration of the components
in the solution. This means that the minimum ssDNA length of
14 nt found in the experiments mentioned above is valid
under the applied conditions; however, it is likely that different
results will be obtained if the conditions are varied.

The increase in efficiency of VLP assembly observed from
20 nt onwards could be explained by the fact that the ARM of
CCMV CP contains 10 positive charges. This means that a
strand of 20 nt ssDNA is able to exactly compensate for the
positive charges of a CP dimer. Longer strands would have an
excess of negative charge compared with a single dimer,
which might increase the potential for interactions with multi-
ple dimers. Additionally, the radius of gyration of ssDNA in-
creases with increasing number of nt, which makes it more
likely to interact with multiple species in solution. The assem-
bly of the virus around longer nucleic acid templates, for ex-
ample, around its native viral RNA, is in agreement with the
presented model because the increased length and charge
make it function even more efficiently in bringing multiple CPs
in close proximity. This will induce even faster and more effi-
cient assembly. This could also be a driving factor for the pre-
ferred encapsulation of native viral genetic material in vivo,
which is required for viral replication. Increasing encapsulation
efficiency for longer nucleic acid strands is also verified by
recent theoretical work by the group of Van der Schoot.[38]

The model takes the different cargo–CP and CP–CP interac-
tions into account, as proposed by Gelbart et al.[16] The pen-
tamer intermediates are included in this model because they
are essential for imposing icosahedral symmetry on this type
of virus and because they have been observed during MS

measurements and simulations.[23, 39] Furthermore, the pro-
posed model corresponds to recent work on the assembly of
the tobacco mosaic virus (TMV) around non-native cargo; here
there is initially Langmuir adsorption of the CPs on the cargo
followed by Hill-type cooperative reorganization of bound pro-
teins to form the capsid.[40] This is similar to the assembly steps
described herein, and therefore, the model can also be useful
to describe more viruses than only the CCMV. Furthermore, the
results show that a minimal number of charges on a molecule
is required for encapsulation of foreign material in a virus. This
may help in creating virus-based materials, for example, gene
or siDNA delivery formulations.

Conclusions

We have investigated the assembly of CCMV CPs around oligo-
nucleotides. Under the conditions used herein, VLP formation
started to occur from an ssDNA length of 14 nt. From a length
of 20 nt onwards, we observed a linear increase in encapsula-
tion efficiency. In an attempt to explain the observed behavior,
we have proposed a pathway for the assembly of CCMV CPs
around ssDNA. Further study of the assembly is required to
confirm the suggested pathway, to study the influence of the
law of mass action on the system, and to determine the kinet-
ics of the various equilibria. This is very relevant because slow-
ing down assembly allows a better understanding of the tran-
sition states, which, in turn, could lead to a better understand-
ing of virus and VLP assembly, in general. Furthermore, the
minimal length requirement found for the encapsulation of
charged species inside a protein cage is important for encap-
sulating various materials, and can help in the design of better
viral hybrid materials.

Experimental Section

Materials

Chemicals were purchased from Sigma–Aldrich, unless stated oth-
erwise. The ssDNA 5’-GTAGATGGAACCCGAGAAGGCTGTGCGTG-
GAGTCAATGGA-3’ with decreasing length (from ’3 to 5’ direction)
and polyadenosine oligonucleotide sequences were synthesized by
Eurofinsgenomics. Milli-Q water was obtained by ultrafiltration (Mil-
lipore Adv. A10, 18 MW cm�1 at 25 8C). The native WT-CCMV was
obtained according to literature procedures.[41]

CCMV CP isolation

RNA from the virus was precipitated by dialyzing with a 12–14k
MWCO dialysis membrane against protein isolation buffer (50 mm

Tris-HCl, 500 mm CaCl2, 1 mm dithiothreitol (DTT), pH 7.5) with
buffer replacement (2 �), followed by 2 h centrifugation at
40 000 rpm at 4 8C by using a Sorvall WX80 ultracentrifuge. The su-
pernatant containing CP dimers was dialyzed against cleaning
buffer (50 mm Tris-HCl, 500 mm NaCl, pH 7.5), followed by dialysis,
with buffer replacement (3 �), against 5 � assembly buffer (250 mm

Tris-HCl, 250 mm NaCl, 50 mm KCl, 25 mm MgCl2, pH 7.2). CPs were
used within 1 day of isolation, and only solutions of CPs with an
absorbance ratio at l= 280/260 nm of at least 1.5 were used.
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Encapsulation of ssDNA in CCMV VLPs

CCMV CPs in 5 � assembly buffer were diluted to a concentration
of 7.5 mg mL�1. ssDNA was dissolved in Milli-Q water to a concen-
tration of 1 mg mL�1. For encapsulation, CCMV CPs and ssDNA
were mixed in a 5:1 mass ratio of CPs to ssDNA and a 4:1 (v/v)
ratio of Milli-Q to buffer by adding more Milli-Q, yielding a 1 � as-
sembly buffer solution containing 50 mm Tris-HCl, 50 mm NaCl,
10 mm KCl, and 5 mm MgCl2 at pH 7.2. This was subsequently incu-
bated for 1–3 weeks at 4 8C before analysis.

Digestion study

The DNA digestion study was performed by adding benzoase nu-
clease (1 mL) and DNAse I (1 mL) to a mixture (50 mL) of 30 nt
ssDNA and CPs incubated for 1 month. After the addition of the
nucleases, the sample was digested for 1 h at room temperature
before analysis through SEC. The SEC fractions containing particles
were isolated and concentrated by means of spin filtration. Next,
the particles were disassembled by dialysis against a buffer solu-
tion containing 50 mm NaCl and 1 m NaCl at pH 7.5, and again ana-
lyzed by means of SEC.

SEC

Analysis and purification by SEC was performed by using a Super-
ose 6 10/100 GL column on a fast protein liquid chromatography
(FPLC) system (GE), eluting at 0.5 mL min�1 with 1 � assembly
buffer. Absorption was monitored at l= 260 and 280 nm.

AGE

A 1 % agarose gel in TAE (Tris base, acetic acid, and ethylenedi-
aminetetraacetic acid) buffer with either 1 � SYBR safe or SYBR
Gold (Thermo Fisher) was loaded with unpurified sample (5 mL)
mixed with gel loading dye (2 mL) and run for 1 h at 100 V. The gel
was imaged by using a Gel Doc EZ instrument on a UV tray (Bio-
Rad). The gel was then destained in Milli-Q water followed by 1 h
incubation with bio-Safe Coomassie G-250 stain (Bio-Rad) and de-
staining. It was again imaged on a Gel Doc EZ instrument to deter-
mine the protein content.

DLS

The size distribution of VLPs in assembly buffer at pH 7.2 was mea-
sured with DLS by using a Microtrac Nanotrac Wave W3043 instru-
ment. Viscosity, the refractive index of water, and the refractive
index of native CCMV (1.54) were used.

TEM analysis

Samples (5 mL) were applied to Formvar-carbon coated grids. After
1 min, the excess of liquid was drained by using filter paper. Uranyl
acetate (5 mL, 1 % w/v) was added and excess liquid was drained
after 15 s and dried for 30 min at room temperature. The samples
were examined on a FEG-TEM instrument (Phillips CM 30) operated
at 300 kV acceleration voltages. The size distribution was measured
with ImageJ software.

SDS-PAGE and densitometry analysis

Sample (10 mL) was mixed with sample buffer (9 mL) and 2-mercap-
toethanol (1 mL). The mixture was heated at 99 8C for 5 min to de-
nature the protein, after which time the mixture was used to fill
the wells of 4–15 % stain-free precast PAGE gels (Bio-Rad). Precision

Plus Protein Unstained Protein Standard was added in a separate
well. Electrophoreses was conducted at 100 V for 5 min followed
by 200 V for approximately 20 min. Gels were activated with UV
light for 5 min on a stain-free enabled UV transilluminator and
imaged with a Gel Doc EZ system with Image Lab software (Bio-
Rad). By using five different concentrations of CP as a reference,
the CP content of the purified samples was determined.

UV/Vis analysis

All UV/Vis absorbance measurements were performed on a Perkin–
Elmer Lambda 850 spectrometer. Standard quartz cuvettes with a
1 cm path length were used.

SAXS

SAXS experiments were performed at the B21 beam line of the Di-
amond Light Source Synchrotron (Harwell, UK). Samples were
loaded into a 96-well plate, which was placed in an EMBL BioSAXS
robot. An automatic sample changer injected aliquots (25 mL) of
solution into a quartz capillary with a radius of 1.6 mm. This capilla-
ry was enclosed in a vacuum chamber, which reduced the amount
of parasitic scattering. If the sample was present at the right posi-
tion in the capillary, 60 frames per second were collected. Bm 21
had a fixed energy of 12.4 keV and the sample to detector distance
was 4.01 m; this resulted in a q range of 0.0039<q<0.40 ��1. The
collected SAXS data were processed (radially averaged, back-
ground subtracted, and converted into absolute units) by using
the program Sc�tter. This program was also used to perform a
Guinier analysis and to obtain the pair–distance distribution func-
tion, which yielded the radius of gyration and P(r), respectively. We
used Excel for fitting the form factor of a homogeneous sphere to
the scattering curves.
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Oligonucleotide Length-Dependent
Formation of Virus-Like Particles

Testing the limits : The formation of
cowpea chlorotic mottle virus based
virus-like particles is templated by short
oligonucleotides at neutral pH. A mini-
mum length required for the well-de-
fined protein assembly has been found
(see figure), and increased understand-
ing of the interactions important in the
assembly of viruses.
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