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In-vitro self-assembly conditions known to result in generating infectious virions have been used
in vitro to reassemble bromovirus capsid proteins around negatively charged gold nanoparticles
cores. We discuss here the optical properties (elastic light scattering) and the influence of the core
size and of the functional moiety on the resulting virus-like particles. Our results indicate that the
formation of a closed shell, as opposed to an amorphous protein coat, does occur and that the
shell/core interactions can be tuned using different coatings on the nanoparticle core. Such studies
may lead to real-time monitoring of viral traffic on the scale of a single virus, as well as to the
possibility of chemical sensing along the intracellular and intercellular viral pathways and contribute
to a better understanding of the virus transport and cellular compartmentalization.
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1. INTRODUCTION

Viruses have a protein coat, known as capsid, surround-
ing their genomic nucleic acids. From a materials point of
view, viral capsids are interesting because they represent
a paradigm for complex macromolecular assemblies in
which the assembly process actively changes the initial
building blocks.! Molecular switching often occurs sub-
sequent to the association process. The molecular events
associated with it include rigid subunit rotations, refold-
ing and phase transitions of the assembled complex.” Such
switches are responsible for the functional and ecological
roles held by the capsid during viral infection and spread.’
Understanding the capsid dynamics is particularly appeal-
ing since, to date, there are no examples of man-made
single component materials that can self-assemble to gain
multi-functionality.

Another appeal of virus capsids as materials is that
they can be produced in-vitro from homologous protein
solutions that can assemble upon a change in the buffer
environment. Their highly monodisperse physical and
chemical properties has brought about the emergence of
new examples of elegant nanoscale template chemistry.*°
Furthermore, nanoscale viral capsids are ideal delivery
vectors, promising for specific targeting of therapeutic
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macromolecules” or for optical probes with biomedical
imaging and sensing purposes having unprecedented res-
olution and sensitivity.*? Such optical probes depend on
the success of encapsulation of optically active particles
inside viruses. We have recently demonstrated that single
viral particles containing a gold particle core could be indi-
vidually imaged and spectroscopically analyzed by light
microscopy.” These studies used a simple icosahedral viral
capsids surrounding a 4-5 nm diameter core ol citrate-
functionalized. negatively charged gold nanoparticle. In
this paper, we extend the studies of virus-encapsulated
nanoparticles to show that the protein coat forms an intact,
closed shell around the nanoparticle core. Moreover., the
size of the encapsidated particle does not interfere with
the size of the surrounding shell. However, the charged
moieties on the nanoparticle have an important role in
determining the radius of curvature of the complex. In other
words, it seems that according to the nature of the moi-
eties on the nanoparticle surface one can toggle the capsid
between two states of aggregation. When DNA-coated Au
particles are used, the concentration of functionalized viral
particles is high enough to allow for bulk fluorescence
quenching and surface plasmon spectroscopy. The fluores-
cence quenching properties of the Au cores have been used
to demonstrate that the protein shell is compact enough
to frustrate the diffusion of fluorescent dyes. which also
supports the idea of a complete closed shell formation.
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To date, two routes of particle entrapping inside virus
capsids have been reported. Douglas and Young have utili-
zed the formation of openings in the cowpea chlorotic mot-
tle virus capsid during the reversible expansion induced by
pH changes, which allowed for free molecular exchange
and subsequent selective nucleation and growth of poly-
oxometalate single crystals within the virus cavity. This
method, to be called the “synthesis method” here. has the
advantages of maintaining the virus capsid assembled at
all times and of high yields of nanoparticle entrapment.
However, the range of materials that can be incorporated
is limited by the compatibility between the synthetic con-
ditions, the chemical features of the input material, and
capsid stability.” Dragnea et al. applied a protocol adapted
from the in vitro assembly of cowpea chlorotic mottle virus
to the brome mosaic virus (BMV)'" to associate nega-
tively charged Au particles with the internal compartment
of BMV capsids in three steps: complete disassembly of
the BMV virions and purification of the capsid subunits,
reassembly in the presence of Au particles and purifica-
tion of BMV particles. This reassembly method is dif-
ferent from the synthesis method used by Douglas and
Young because nanoparticles are simply added to the ini-
tial dissociated protein solution. Protein capsid precursors
assemble together with the added nanoparticles through
non-specific electrostatic interactions between the nega-
tive surface charge of the nanoparticle and the positively
charged interior swrface of the virus cavity. Although
the yield of entrapment is inferior to the synthesis, the
reassembly method can be applicable to a broad class of
charged nanoparticles of arbitrary complexity.

For biomedical purposes. a key question for both metho-
dologies is how would the replacement of the nucleic
acid core by a nanoparticle interfere with the structural
and functional characteristics of the native capsid? With
the reassembly method. we need to conclusively demon-
strate that a closed shell was formed and not an amor-
phous protein coating of the Au nanoparticles. In this
work. we demonstrate that the formation of a closed shell
does indeed occur and that the shell/core interactions can
be tuned using different coatings on the nanoparticle core,

2. EXPERIMENTAL DETAILS

Brome Mosaic Virus (BMV) is a model small icosahe-
dral virus that infects a vast range of Poaceae species.!
The native form is composed of 180 identical proteins of
20 kDa, which form pentameric or hexameric subunits,
The ~28 nm diameter BMVY capsid is most stable at low
to moderate ionic strength buffers with pH below 5.0,
but experiences a profound structural transition when the
pH is increased from 5 to 7. In the presence of Mg,
which helps stabilizing the capsid at pH levels close to
neutrality, reversible expansion occurs without dissoci-
ation. At pH 7.5 or higher, and ionic strength higher
than (.5 M. the capsid dissociates and the viral RNA
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precipitates. Upon reestablishment of low pH and ionic
strength. reassociation occurs. The crystallographic struc-
ture of BMV is known from X-ray diffraction on intact
virus crystals."? Bromovirus capsids have an arginine-rich
motif on the inner surface that is juxtaposed to, but not
interpenetrated by the negatively charged RNA. The non-
specific association between the negatively charged core
and the positively charged inner capsid surface, and the

dense positive charge of the internal surface make BMV -

an appropriate system to introduce functionalized nanopar-
ticles inside the capsid. _

The experimental procedure for encapsidation of car-
boxylated Au particles has been described elsewhere.” In
brief, Au particles with tunable average diameters rang-
ing between 3 and 20 nm (relative standard deviation
5-8%]) at 10"*~10"* particles/m| are prepared by the Turke-
vitch method."* TEM and surface plasmon resonance spec-
troscopy are used to characterize the colloidal suspensions.
The Au particles and the coat protein suspension solution
are then mixed together and assembled by dialysis against
the reassociation butfer: 50 mM NaOAc, pH 5.0, 100 mM
NaCl, 0.2 mM PMSF for 10 hrs at 4 °C. Since the reasso-
ciation buffer has high ionic strength and low pH. which
may favor aggregation, we have monitored the changes in
the surface plasmon spectrum of the gold colloid as a func-
tion of the buffer pH and ionic strength 1o assess the extent
of aggregation. We came to the conclusion that although
partial aggregation does occur, most particles remained
isolated over times and conditions typical for the virus
reassembly experiment. We have also noticed that the addi-
tion of protein tends to stabilize the particles: bare citrate-
coated gold will aggregates in the reassembly buffer at a
significantly faster rate than in the presence of protein for
the same buffer. In these conditions, dimers and trimers of
particles, at quasi-equilibrium with single particles, have
been found to dominate the aggregate distribution.' Den-
sity gradient centrifugation in sucrose at 50,000 rpm for
120 min at 4 °C followed by gel filtration through a G-50
column are employed to purify the intact capsid. This
methodology does not separate Au-encapsulating capsids
from empty capsids. but does remove the unassociated Au
particles and capsid protein. The pellet contains enough
Au particles to exhibit the characteristic pink coloration
due to the surface plasmon resonance in Au.

3. RESULTS AND DISCUSSION

The TEM images on which our analysis is based, are
projection maps of the sample density and cannot eas-
ily distinguish a Au particle laying on top of a capsid or
one that is encapsidated. In support of the encapsidation.
attempts of functionalization with swollen but not dissoci-
ated capsids failed.” This indicates that. for functionaliza-
tion, access to and interaction with the internal surface of
the capsid precursor is necessary and the TEM-observed
Au particles are inside the capsid. Nonetheless. we seek a
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Fig. 1. (a) Percentage of Au-encapsulating capsids from the total num-
ber of capsids formed, normalized to the initial Au particle concentration
as a function of the Au particle size. The cut-off in the size of the incor-
porable particles (~15 nm) dismisses the hypothesis of an amorphous
capsid protein build-up. (b) For multiple encapsulated Au particles (here,
triplets). the cut-off size is smaller than for single particles us one would
expect from a volume restriction argument. (c) TEM micrograph illustrat-
ing an encapsidated 4 nm Au particle trimer and an empty viral capsid.

more direct demonstration that the capsid is encapsidating
the Au particles. We predict that the specific encapsidation
of Au would be limited by the inner diameter of the viral
capsid. On the other hand, it there is non-specific adsorp-
tion of the capsid subunits onto Au cores. then one would
expect an increase in the size of the complex as a function
of the Au particle diameter.

We have therefore analyzed the variation of the TEM-
measured external diameter of the Au/BMV particle as
a function of the encapsidated Au particle size. Figure |
shows a plot of the fraction of capsids containing Au
particles,

Note that the percentage has been normalized to the
initial concentration of Au particles. This way, we are able
to compare the relative expectation ratio of incorporation
per Au particle for different particle sizes. Typical absolute
yields of incorporation are 1%.

Each data point in Figure | is the result of statistics
over more than 2000 viral capsids. A cutoff diameter for
the Au particles exists somewhere between 13 and 15 nm,
which fits within the inner diameter of the BMV capsid
of 18 nm. These results suggest that protein—protein inter-
actions constrain the formation of the Au-functionalized
capsid. Furthermore. the existence of a cut-off size brings
additional support to the idea that the particles are inside
the capsid since nonspecific attachment to the outside of
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Fig. 2. Plot of the Au-encapsulating and empty capsid sizes as a func-
tion of the diameter of the Au particles used for the assembly assay and
representative TEM micrographs of capsids incorporating 6.7 nm (mid-
dle) and 9.5 nm (right) diameter Au particles.

the capsid should not depend on a specific diameter of the
Au particles.

It is interesting to note that Au particles smaller than
~6 nm have a significantly smaller yield of incorporation
than larger particles of 8-10 nm. We do not have an expla-
nation for this observation at this time. Assuming that the
charge is uniformly distributed over the particle surface,
we speculate that larger areas for electrostatic interaction,
as long as it is within the packaging constraint, may actu-
ally favor the protein self-assembly process or result in
a more stable particle. It has been suggested, for exam-
ple. that the nucleation step for the capsid growth is the
formation of a pentamer."® Particle cores smaller than the
footprint of such a pentamer (~4 nm) could be poor sup-
ports for its formation.

The size of the viral capsid is another parameter provid-
ing insight on the characteristics of the AwW/BMYV associa-
tion. Figure 2 shows the variation of the average capsid
diameter with the encapsidated Au particle average diam-
eter. We observed that, within the error range of our exper-
iment, the capsid diameter does not vary with the Au core
diameter and that the average Au-functionalized capsid
diameter is smaller than the native BMV capsid diameter.

The TEM analysis requires introduction of the virus
sample in vacuum. In solution, BMV viruses have an aver-
age diameter of 28 nm."> However, TEM micrographs of
intact viral particles under vacuum yield an average par-
ticle diameter of ~26 nm." This is consistent with the
observation by Cuillel et al. that capsids contract by 10%
upon dehydration for electron microscopy.'” The average
size of the Au-functionalized BMV is 21.5 nm, or ~24 nm
for a hydrated particle. which indicates a different inter-
action between the citrate-coated Au core and the capsid
than between the native RNA core and the capsid.

The fact that the Au-functionalized capsid diameter does
not vary with the size of the Au core indicates that a
fixed number of protein subunits form the capsid. The
number of protein units in the Au-functionalized capsid is
probably lower than the 180 necessary to build the native
virion. The smaller capsid thus may correspond to a shift
in the free energy minimum of the quasi-spherical structure
due to a change in the spontaneous curvature parameter,'®
which was first proposed by Caspar and Klug as the main
thermodynamic control parameter for the capsid size."
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However, further experiments able to provide structural
information are needed to address this point.

It is interesting to calculate the inner cavity space corre-
sponding to the dehydrated Au-BMV particles of 21.5 nm.
The thickness of the hydrated capsid shell determined by
crystallographic studies is 5.3 nm. The dehydrated protein
shell would then correspond to ~4.8 nm. The maximum
inner cavity diameter of the dehydrated intact virus is then
approximately 16.7 nm. Hence, the experimental upper
limit of 14.5 nm in the size of the incorporable Au parti-
cles is probably corresponding to the totality of available
space inside the smaller capsid.

The fact that we find a capsid with a different diam-
eter, and likely a lower number of subunits, than the native
virion is not surprising. An alternative BMV capsid of
120 subunits that contained a messenger RNA rather than
a viral genomic RNA was previously reported.”” The alter-
native structure is approximately 10% smaller than the
mature BMV virions. This fact suggests that even though
the Au particles have been functionalized with negative
charges, they are poor mimics for the viral RNA and
cause the capsid protein to undergo an alternative assem-
bly process. Consistent with this, there are additional sig-
nals within the viral RNAs that are needed for viral capsid
assembly in the virus-infected cells.?'*?

In an attempt to reconstruct particles that better resem-
ble mature BMV particles, we designed a DNA oligonu-
cleotide that contained the equivalent of the high affinity
capsid-binding site required for BMV encapsidation. DNA,
rather than the more labile RNA of the BMV genome is
used to increase the ease of handling. The oligonucleotides
were synthesized with a di-biotin linker at its 5" terminus
and used to coal 5 nm Au particles thal have been modified
to have 2 to 3 avidin molecules per particle.

In vitro viral capsid assembly reactions using the DNA-
coated Au particles lead to: (a) absence of incorporation
events of multiple Au particles in the same capsid. (b) a two
to three-fold increase in the yield of virus-like particles. and
(c) dehydrated capsids that are now ~26 nm in diameter,
Figure 3. The first aspect can be explained by a better sta-
bility of the Au particle suspension when DNA-stabilized
colloids are used instead of citrate-stabilized colloids.
As opposed 10 DNA-coated particles, for citrate-coated

... BMmV
capsid

Au
particle

..
. Avindin
Biotin

Y Oligonuclectide

5 5Ba/GTCTTCCGCTCTCOGCAGAGGTATGAAGGA- 3"

Fig. 3. Capids with DNA-goated Au cores are close (o the size of the
native virion. The synthetic DNA nucleotide sequence used in these
experiments mimics an RNA motif that participates in BMV packaging.”!
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Au particles, dimers and trimers may be present in a meta-
stable equilibrium with separated particles at the pH values
used in this work as seen by surface plasmon resonance
spectroscopy. The better yield of incorporation and the
increase in size can be understood if we assume that the
core-capsid interactions have changed. becoming in this
case more similar to those present in normal viruses.

The differences between citrate-coated and DNA-coated
particles have been addressed here for only one DNA
sequence. Experiments testing the importance of the spe-
cific DNA sequence for the capsid self-assembly by using
different oligonucleotides are on their way.

The optical density of the Au-DNA capsid sample is
sufficiently high to allow subtracting the Raleigh scattering
contribution from empty particles (Fig. 4(b)), and remain
with the surface plasmon contribution from Au-containing
particles, which then can be used to calculate the ratio
between the Au-containing and empty BMV particles, as
illustrated in Figure 4. Using this procedure, we found that
the surface plasmon peak of DNA-coated Au shifts from
519.0£0.5 nm to 522.04+0.5 nm upon incorporation. This
can be interpreted as due to the higher index of refraction
of the protein coat than the initial solvent layer surround-
ing the DNA-coated particles.?

To further prove that the relatively large Au/Avidin/
Biotin/DNA complex forms the core of the viral capsid,
we tested the permeability of the capsid to fluorescent
molecules that would be quenched by binding to th: Au
core. Figure 5 shows a comparison between the kinetics
of the fluorescence quenching of biotinylated fluorescein
and dextran-conjugates by encapsidated and free Au par-
ticles in solution. The two fluorescent markers have been
chosen because they are based on the same chromophore
but have very different sizes (647 MW and 10000 MW,
respectively). Figure 5 shows that for both fluorescein and
dextran rapid quenching occurs when the Au particles are
free in solution. The concentration of free Au has been
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Fig. 4. Spectral extinction characteristics of DNA-coated gold particles,
(@) The surface plasmon peak at 519 nm characterizing initial DNA-
coated gold particles. (b) Spectral extinction due to empty BMV capsids,
(€) A lincar combination of the spectra in (a) and (b) (dots) is used to fit
the experimental extinction spectrum of the DNA/AWBMV solution (red
line). The coefficients of the linear combination can be used for quanti-
tative determinations of the relative concentrations of Au-containing and
empty virions.
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Fig. 5. (A) Dextran conjugate fluorescence quenching by free, avidin/
biotin/DNA-coated Au particles in solution (black line) and by encap-
sidated avidin/biotin/DNA-coated Au particles (blue line). (B) Fluores-
cence quenching of fluorescein by free, avidin/biotin/DNA-coated Au
particles in solution (black line) and by encapsidated avidin/biotin/DNA-
coated Au particles (red line).

adjusted to the same optical density as the amount of Au
inside capsids.

The quenching was considerably slower for the encap-
sidated Au particles. Control experiments with only pro-
tein and fluorescent markers (no gold) have not yielded
any measurable luorescence quenching. This indicates that
the capsid forms an effective diffusion barrier preventing
quenching. The pore sizes of this diffusion barrier must be
big enough to allow fluorescein to pass. but too small for
dextran. The small initial drop in fluorescence in both cases
is probably due to binding of the conjugate to fragmented
Au/BMV particles. which occasionally can be observed
by TEM. too. We note that. when quantitative, such flu-
orescence quenching experiments could be very useful to
estimate in real time the pore size of capsid intermediates
undergoing structural transitions. However, for these exper-
iments to be possible. one would need: (a) a better Au
particle incorporation yield. which would increase the sen-
sitivity of the measurement by a more effective quenching,
and (h) a series of fluorescent markers with different sizes.

4. CONCLUSIONS

In conclusion, we have shown that reassociation could be
used to package foreign material in the core of the virus
capsid. A major result of this study is that the protein coat
is achieved by closed shell formation, which leaves open
the possibility that some of the functional characteristics of
the native virus coat are preserved. Furthermore, different
capsid structures could be fine-tuned based on the func-
tionalities on the Au surface. We note that each of the 21.5
and the 26 nm virus-like particles could have desirable,
but distinct properties. These results also indicate that we

should be able to manipulate the Au surface to achieve
more efficient incorporation and closer similarity with the
wild type virions. Finally, the integrity of the viral coat has
been qualitatively tested using a fluorescence-quenching
assay based on the permeability of the virus capsid to dif-
ferent fluorescent conjugates, The encapsidation method
described here is likely to be applicable to other materials
of biomedical and technological interest, but further work
is needed to assess the degree in which the functional char-
acteristics of the capsid are affected upon the replacement
of the nucleic acid with a synthetic core.
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