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Assembly pathways of virus-like particles formed from a virus coat protein cage encapsulating a metal
nanoparticle were studied by intrinsic fluorescence quenching. Depending on buffer conditions, the in
vitro formation of a virus-like particle can take place through cooperative or non-cooperative
adsorption of protein subunits on the nanoparticle template. Simple equilibrium models provided
estimates for the thermodynamic forces driving the assembly as well as the size of the critical nucleus in

the case of cooperative growth.

Introduction

Among myriad examples of molecular self-organization under
study today, virus assembly stands out owing to several unique
characteristics. For instance, while deterministic molecular
structure is traditionally associated with covalent or ionic
bonding, many viruses represent supramolecular structures
which are built with the same stoichiometric precision as small
molecules but from hundreds to thousands of proteins which are
held together by comparatively weak, non-covalent interactions.
Thus, protein cages encapsulating viral genomes such as the
capsids of many single-stranded (ss) DNA and RNA viruses, and
the cores of many enveloped viruses are based on geometrical
arrangements of a fixed number of protein subunits’ and
numerous examples exist in which same structures form in vitro,
by spontaneous assembly from purified components.”™

Furthermore, symmetric viral architectures can be highly
dynamic, being capable of large global structural trans-
formations in response to environmental cues. Some of these
transformations are irreversible, corresponding to different
stages in the virus life cycle. Reversible global structural transi-
tions also exist, e.g. the swelling transition characteristic of plant
viruses in the Bromoviridae family.®

The view of the general driving forces behind virus self-
assembly has remained largely unaltered since the beginning of
studies of the construction of regular viruses: under appropriate
solvent conditions, nucleic acid and protein subunits spontane-
ously come together to form a virus particle because this is their
lowest free energy state which corresponds to the maximum
number of the most stable bonds between subunits.*® However,
for even the simplest viruses, the pathways of transition from
a state in which protein subunits and nucleic acid are randomly
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distributed to a state in which they are highly ordered remain
unclear.

For a few simple viral cages sharing the feature of an icosa-
hedral arrangement of identical proteins, significant insight into
assembly mechanisms came from in vitro kinetic studies of
association reactions between capsid proteins alone.*! Kinetic
features of assembly suggested that the process occurs through
directed, highly cooperative, nucleated reactions. In such cases,
the nature of the nucleus for assembly could be inferred from the
assembly half-life  that depends on capsid protein
concentration.'?

While empty capsid formation studies were crucial for
understanding subunit-subunit interactions, their relevance in
terms of mechanisms for actual virus assembly has been ques-
tioned.”® The argument was based upon the fact that empty
capsid can form in a sequential, cooperative manner, by addition
of subunits to the edge of an incomplete capsid. However, in
presence of nucleic acid, self-assembly of protein subunits into
the geometric shells of polyhedral viruses has been proposed to
proceed by condensation of nucleic acid complexed with the
amino terminal polypeptides of the coat proteins, in a manner
similar to micelle formation.’® In this case, as a result of
condensation, crowding of capsid proteins excludes further
monomer addition and the entire nucleo—protein complex
collapses into its ground state. Currently, it is not clear whether
the sequential mechanism continues to play a role in native virus
formation. In other words, it is not known whether the two
mechanisms, “sequential” and “micelle-like”, are exclusive.

The discovery that some icosahedral ssRNA plant virus
capsids can assemble in their native structures around non-
genomic templates such as foreign nucleic acids,* polymers,'**?
enzymes,'® nucleic-acid functionalized particles,’”'® and other
ligand-coated particles’®** opened the way of tuning the inter-
action between the encapsulated material and the protein capsid
and thus probing the role of this interaction in assembly.

In this paper, a ligand-coated nanoparticle template approach
was taken which allowed equilibrium studies of the intrinsic
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protein fluorescence quenching as a function of protein/core
ratio.

The results indicate that, in presence of a polyanionic nano-
particle (NP) acting as a mimic for the nucleic acid core,
template-directed assembly of brome mosaic virus (BMV) capsid
proteins can switch between qualitatively different growth
mechanisms. More specifically, in conditions of high pH and low
ionic strength initial random association of the protein with the
anionic core occurs that can be modelled by simple Langmuir
adsorption. However, in conditions of low pH and low ionic
strength that are conducive for in vivo assembly of infectious
virions, the initial protein-core association is followed by a step
in which template-bound proteins rearrange in a regular capsid
structure. In this case, assembly is cooperative and a critical
amount of template-bound protein is required for efficient capsid
growth.

Results

Brome Mosaic virus (BMV) is a well-studied, simple ssSRNA
plant virus having a tripartite genome encapsulated in a T = 3
capsid formed from 180 copies of the same capsid protein.??
BMV capsid proteins spontaneously assemble around non-
genomic templates in place of the native nucleic acid, e.g. gold
nanoparticles functionalized with carboxylate-terminated thio-
lalkylated tetraethylene glycol ligand (GNP) (Fig. 1).* Virus-like
particles (VLPs) encapsulating 12 nm diameter particle cores
exhibit the structural characteristics of a T = 3 array, similar to
the native structure.>* Moreover, VLPs will co-crystallize with
native viruses in any proportion and will exhibit a swelling
transition in same conditions as the native virus.'*** Template-
capsid protein interactions are dominated by electrostatic forces,
which also make an important component of the native RNA-
capsid protein (CP) interaction.’ Thus, in view of similarities
between VLPs and BMV, the assembly of capsid proteins around
functionalized nanoparticle cores represents an experimental
model for virus assembly situated between empty capsid and
native virus assembly. Nanoparticle-templated assembly is more
amenable to modelling than full virus assembly due to a reduced
number of parameters driving the process.?” Moreover, access
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Fig. 1 Schematic representation of GNP functionalized with carbox-
ylate-terminated thiolalkylated tetraethylene glycol ligand (lower) and
protein capsid assembly around GNP.

to real-time measurements down to the single VLP scale is
facilitated by the nanoparticle optical properties.?®

The protein subunits of small icosahedral plant viruses such as
BMV self-assemble in vitro into a plethora of polymorphs
depending on concentration, pH and ionic strength condi-
tions.?*3® Such maps of pH and ionic strength ranges corre-
sponding to stable conformations at equilibrium are termed
“phase diagrams” by analogy with the phase equilibria in bulk
systems, Fig. 2(a). Phase diagrams have not yet been reported for
any nanoparticle-templated protein cage system. However, it is
known that VLPs formed from 12 nm diameter gold nano-
particles coated with short carboxylated polyethylene glycol
chains yield stable structures of similar morphology with native
viruses at low pH and ionic strength, Fig. 2(a)*® and unstable at
high pH and high ionic strength. In terms of assembly efficiency,
kinetics may differentiate between possible phase diagram
pathways connecting the disassembled free components and the
VLP state. A pathway commonly used for efficient nanoparticle
encapsulation is sketched in Fig. 2(a). Insight into the mechanism
of nanoparticle packaging along a particular pathway can be
gained by measuring the relative amount of template bound
protein as a function of protein/core molar ratio. For example,
by titrating viral RNA with capsid protein and measuring native
gel electrophoretic displacement, Johnson et al. have shown that
the CP binds RNA and slowly folds into a compact quaternary
structure which then supports highly cooperative assembly.3?

Measurements based upon mobility in a viscous medium such
as electrophoresis or dynamic light scattering are challenged by
the fact that the hydrodynamic diameter is affected not only by
stoichiometry but also by shape. Moreover, when mobility is
determined from motion in an electric field, the question arises
whether the native electrostatic interactions holding the system
together could be offset by the external field. This is especially
true for complexes at low protein/core ratios which are expected
to correspond to far from spherical geometries and held together
by weak, non-covalent bonds. Nevertheless, such methods have
been widely used in the study of virus assembly because of their
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Fig. 2 (a) Phase diagram representation of reconstituted BMV (adapted
from ref. 31) overlaid with symbols representing the stable states of VLP
constituents. The red and green arrows represent the two successive
pathways discussed in this paper. (b) DLS-measured hydrodynamic
diameters for states corresponding to different CP/GNP ratios at neutral
and acidic pH.
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compatibility with physiological conditions and lack of labelling
requirements. Fig. 2(b) shows an example of DLS measurements
of the average hydrodynamic diameter as a function of the CP/
GNP ratio. It is clear that DLS can qualitatively follow titration
of GNPs by protein and it shows that a stationary state is reached
at ~90 dimers per GNP, which corresponds to a complete
coverage assuming the formation of a T = 3 particle. Moreover,
the average maximum diameter attained at neutral pH is
28.4 nm, while the value corresponding to acidic pH is smaller,
27.3 nm. This difference is probably due to swelling at close-to
neutral pH, characteristic for Bromoviridae.> However, at low
CP/GNPs ratios, there are no differences detectable by DLS
between acidic and neutral conditions.

To monitor VLP formation by a method that probes the
amount of protein adsorbing on the NP surface more directly, we
have used native fluorescence quenching by GNPs** at same
titration conditions as those in the DLS experiments in Fig. 2.
Upon excitation by UV light (~290 nm wavelength), intrinsic
protein fluorescence at 330-360 nm arises from aromatic residues
such as tryptophan, tyrosine, and phenylalanine. Fluorescence is
generally quenched upon protein adsorption at the GNP surface.
This is due to an increase in the non-radiative relaxation rate in
the vicinity of the metal as well as a decrease in the radiative rate
at 2-3 nm from the metal surface.?* In a first approximation, the
change in fluorescence intensity is directly proportional with the
amount of protein adsorbed on GNP cores.

Fluorescence titration results for the neutral pH step (pH 7.5)
are plotted in Fig. 3 vs. total protein dimer—-GNP molar ratio,
along with a pure protein control. For the control (only protein,
no GNPs), the dependence of fluorescence intensity on protein
concentration is linear for a dilute solution. In the case of the CP/
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Fig. 3 Fluorescence intensity as a function of the ratio of CP dimer to
GNP (red dots) at pH 7.5 and pure CP control (blue diamonds). The red
line represents a Langmuir adsorption fit to the CP/GNP mixture data (p-
value < 0.05) and the blue line represents a linear fit to the pure protein
control.

GNP mixture, the fluorescence intensity dependence on the CP
dimer to GNP ratio is clearly biphasic, with a break point below
100 CP dimers per GNP. The CP/GNP mixture data is fitted
satisfactorily by a Langmuir adsorption model which provides
an estimate of the dissociation constant K, and of the number of
CP dimers per VLP at surface saturation. The model is described
in detail in the discussion section.

At pH 4.5, the fluorescence binding assay exhibited a different
character than at pH 7.5, Fig. 4. At low CP:GNP ratio (less than
~15 dimers per GNP) an initial fast rise occurred, characterized
by a slope parallel to that of pure protein control. At ratios
greater than ~15 CP dimers/GNP, an intermediate zone of
slower increase of fluorescence with added relative amount of
protein was observed. This intermediate phase lasted up to ~110
CP dimers/GNP, at which point the onset of a third phase of
slope parallel to the pure protein control data was observed. The
efficiency of incorporation, calculated as a ratio of GNPs
incorporated into full capsids to the total amount of GNPs from
TEM images, was around 80%, which is consistent with previous
results for VLP assembly.’ As discussed later, a Hill model
simulation for cooperative binding reproduced well the multi-
phasic behavior observed and allowed for an estimate of the
dissociation constant.

Analysis of negatively stained TEM micrographs showed
small differences in the average diameter but marked differences
in the morphology of assembly results corresponding to the two
conditions discussed in this paper, Fig. 5. Thus, VLP diameter
was 31 &+ 3 nm at pH 7.5 and 28 + 2 nm at pH 4.5.

Centered and azimuthally averaged micrographs of VLPs at pH
4.5and pH 7.5 are presented in Fig. 6. Structural details are clearly
more marked at pH 4.5. From the gold surface outwards, one can
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Fig. 4 Fluorescence intensity as a function of the ratio of CP dimer to
GNP (green dots) at pH 4.5 and pure CP control (blue diamonds). The
line represents a cooperative binding simulation based upon the Hill
model (p-value < 0.05). Inset: free CP concentration as a function of total
CP:Au ratio according the model.
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Fig. 6 Averages of VLP TEM pictures showing differences in the radial
distribution of the coat material. (a) VLPs at pH 4.5, (b) VLPs at 7.5, (c)
cross-sectional radial gray level intensity distribution for data in (a)
and (b).

observe first a bright shell peaking at ~1.8 nm from the Au
surface. This is probably due to the dense TEG layer. A darker
ring follows at ~4.2 nm. This is a region of negative stain accu-
mulation, mostly occupied by solvent. After this region of dense
staining, a ring of low stain density appearing bright in the image
follows with a peak at 7.5 nm from the Au surface. The breadth of
this outer ring is ~4.2 nm. These dimensions correspond well to
the expected radial extent of hydrophobic capsomeric contacts in
the capsid.?® By contrast with the well-defined radial structure
observed at pH 4.5, a much shallower gap can be observed at pH
7.5 between the capsid and the ligand layer. In general, at neutral
pH, all observable features are much less prominent.

Discussion

At pH 7.5, 99% of carboxyl groups on the nanoparticle surface
are ionized** and the GNP surface interacts attractively with
basic free protein dimer termini. The first phase in the titration
curve at pH 7.5 thus corresponds to binding of free protein to
GNPs and is characterized by a slow rate of fluorescence increase
with the CP concentration. The second phase corresponds to
saturation of surface sites by protein. As a consequence, further
addition of CP results in the same rate of fluorescence increase as
observed for pure CP, Fig. 3.

The process is described by the reaction:
CPDﬁ'ee +S5 2 CPDbound (1)

where CPDy,. = free capsid protein dimer, S* = empty surface
sites, CPDp,,nq = bound protein dimer (equivalent with occupied
surface sites).

Note that other reactions involving protein oligomerization
will contribute a negligible amount to the signal since they are
not accompanied by fluorescence quenching. The dissociation
constant corresponding to reaction eqn (1), Ky, is:

(1 6)[CPDy.]

Ky = @)

where 6 represents the fractional GNP surface coverage:

[CPDjc|, — [CPDjec]
b= 3)
Sl
and [S]y and [CPDy. ]y are the initial concentration of empty
surface sites and free protein dimer, respectively. Thus, eqn (1)-
(3) summarize the protein—nanoparticle association in terms of
a simple Langmuir adsorption model.*”
[STo in eqn (3) is found from:

[Slo = n x [GNP] 4)

where 7 is the number of CP dimers corresponding to the satu-
ration coverage of one GNP (e.g. for a T = 3 capsid: n = 90). The
gold nanoparticle concentration in all experiments was main-
tained at [GNP], = 3.86 nM.

Substituting (4) in (3) gives:

0 = 1 <r _ [CPDf'ée]> (5)

n [GNP],

where r is the molar ratio of capsid protein dimer to gold, i.e. the
independent variable of all titration experiments.

By substituting [CPDj..] from (5) into (2), the following
quadratic equation in 6 is obtained:

-0 — (r+ 1+ KJ[GNPl)-0 + r = 0 ©)

Eqn (6) has two real roots, but only one is physically accept-
able based upon the expectation that § = 0 when r = 0:

r+n+ Kd/[GNP]0 - \/(r +n +Kd/[GNP]0)2,4H-V
0(r) = o

@)

Expression (7) provides the basis for generating the fit function
for the fluorescence intensity curve as a function of r in Fig. 2.
Thus, total fluorescence intensity, I{(r), is the result of two
contributions: the first coming from free protein in solution and
the second from surface-bound protein:

Ifr)y=a[r — n-6(r)] + b-n-6(r) )

where the a and b coefficients stand for the rates of fluorescence
change corresponding to free and bound protein, respectively.
Their values were determined experimentally from the
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corresponding slopes of the linear regimes in Fig. 2. Expression
(8) thus provided a fitting function with two parameters: n and
K,;. Parameter values yielding the least square fitting of experi-
mental data in Fig. 2 were n = 90 (which corresponds toa T = 3
protein cage) and K, = 1.2 & 1.1 nM. Due to the substantial fit
uncertainty in the dissociation constant value, one can only infer
from the data an upper limit for K; at approx. 2 nM. The Gibbs
free energy of reaction per CP dimer corresponding to this K,
value is:

AGiprer

= —RTIn(K,;) = —12 kcal mol™! 9

The observed lack of cooperativity at neutral pH implies that
the process must rely mainly on the attractive electrostatic
interactions between core and the CP N-termini and that
protein-protein interactions may be a minor factor in this case.
This could explain why we do not see a similar degree of
ordering in the shell at pH 7.5 as we see at pH 4.5, Fig. 5.
Interestingly, the n value found from the fit is the same with the
number of dimers in a T = 3 capsid, which suggests that a close-
to correct number of subunits for a T = 3 may be already pre-
assembled at this step.

At pH 4.5, 20-40% of carboxyl groups on the nanoparticle
surface are ionized***¢ and the attractive electrostatic compo-
nent of the interaction between the nanoparticle and the
protein is drastically decreased. At low CP:GNP ratio, the high
cost in translational entropy of recruiting CPs and assembling
them into a VLP probably outweighs the energetic advantage
of core-protein electrostatic interactions, now weakened.
Therefore, in this case the solution mainly contains CP dimers
(and mostly bare GNPs); addition of CP merely results in an
increase of the free protein in solution as indicated by the first
phase in Fig. 4 having approximately the same slope as the
pure CP control.

At high concentrations, there is less translational entropy to
overcome. The binding energy dominates and CP gets assembled
into VLPs. In this regime, a fraction of the newly added protein
ends up on the GNP surface, which quenches its fluorescence,
hence the different slope of the second phase.

Finally, once all GNP surface adsorption sites have been
occupied, further addition of CP to solution will solely
result in increasing the amount of free protein and thus the
fluorescence rate will approach the pure CP control, once
again.

The overall sigmoidal shape and relatively sharp transitions
between these regimes suggest cooperative binding. This can be
formally illustrated by applying a Hill model to the problem and
assume that exactly n CPs could bind to a GNP:3®

CP+’1Z-GNPH%VLP (10)

Then, the VLP concentration can be written as a function of

the dissociation constant K:

[GNP],

And the relationship between the CP:GNP ratio, r, and the
concentration of free protein becomes:

[VLP| = (1D

,_1CPDp] | n

[GNPl, ([CPKT])

(12)

At the same time, eqn (8) for the fluorescence intensity as
a function of CP:Au ratio can be re-written as:

_ '[CPDFree] . n
Ip = G +b (13)

'+ (jernnl)

where a and b are the same numerical coefficients as those of data
in Fig. 2, and n are fit parameters, with n corresponding to the
Hill exponent. Since the free CP concentration cannot be easily
extracted from (12) and substituted in (13) to provide an
analytical expression for /{r), we have opted to calculate Ig in
the form of an implicit representation (simultaneously utilizing
(12) and (13) with [CPDpg..] as the independent variable).
Satisfactory agreement between simulation and experiment is
achieved for n = 90, which corresponds to a 7' = 3 capsid, and
K = 42 nM. Therefore, the Gibbs free energy of reaction is
approximately:

AGHEYS = —RTIn(K,;) = —10 kcal mol™! (14)

The model allows us to examine the relationship between free
protein in solution and the total CP:Au ratio (inset of Fig. 3).
Thus, the onset of efficient adsorption, which marks the passage
from nucleation to elongation, only occurs after 12 + 3 dimers
have been already adsorbed on the GNP surface. Interestingly,
Johnson et al have studied by electrophoresis the in vitro
assembly of the chlorotic cowpea mottle virus (CCMYV), a close
relative of BMV, and have found that, at near to physiological
conditions, the elongation phase was triggered by the formation
of a nucleoprotein complex containing approximately ten
CCMYV dimers per RNAI1.3? In contrast, analysis of assembly
kinetics for empty CCMV particles suggested that the elongation
phase begins with the formation of pentamers of dimers.!* We
conclude that in the case of VLP assembly, the onset of the
elongation phase is more similar to viruses than to empty capsids.
At this point, however, it remains unclear why 10-12 dimers (and
not 5) are involved in the nucleation step.

As the inset of Fig. 3 suggests it, the elongation phase is
astonishingly efficient: almost every newly added CP dimer will
be recruited by a growing capsid. However, cooperativity at this
level is not a rare occurrence in biological systems, since ultra-
sensitivity to ligand concentrations is often an important char-
acteristic of biological regulation.?®

The previously reported thermodynamics of empty capsid
assembly, in combination with the currently reported data, also
provide a way to evaluate the weight of different contributions to
the thermodynamic driving force behind assembly. Thus, empty
CCMYV capsid assembly is characterized by a critical concen-
tration corresponding to an apparent K4 of 2 uM at pH 4.8.4°
The Gibbs free energy of reaction is AG = (89/90) RT In(K,) =
—7.5 kecal mol™'. This is about 75% of the value found for VLPs
at pH 4.5. Therefore, at acidic pH, VLP assembly is dominated
by protein-protein interactions. Since this is also the case with
empty capsids and since empty capsid assembly is highly coop-
erative,' it is not surprising that the same cooperativity is

This journal is © The Royal Society of Chemistry 2012

Soft Matter


http://dx.doi.org/10.1039/c2sm00024e

Downloaded by Indiana University on 26 March 2012
Published on 07 March 2012 on http://pubs.rsc.org | doi:10.1039/C2SM00024E

View Online

observed for VLPs. However, the size of the critical nucleus is
different for VLPs and empty capsids. It would be of interest to
elucidate the origins of this difference and the structure(s) asso-
ciated with it.

Methods
BMY protein preparation

Capsid subunits were obtained from BMV particles purified from
infected plants as described in ref. 41. To separate capsid
subunits from BMV RNA, 100 ul of intact BMV (2 mg ml™)
were dialyzed against a solution containing 0.5 M CaCl, solution
at 4 °C for 24 h. The insoluble material containing viral RNA
was removed by centrifugation at 16 000 g for 40 min at 4 °C.
The supernatant containing the dissociated proteins was then
dialyzed against 0.01 M Tris base, pH 7.4 for 24 h at 4 °C to
remove residual calcium ions and then dialyzed against buffer of
0.01 M Tris base, 1 M KCl, 0.005 M MgCI2 and pH 7.4 for 24 h
at 4 °C. The integrity of the capsid subunits was confirmed by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. Before the experiments, dissociated proteins were
dialyzed overnight against buffer A at pH 7.5 and low ionic
strength (0.05 M Tris-HCI, 0.05 M NacCl, 0.01 M KCl, 0.005 M
MgCl,). Protein concentration was determined by UV-vis
spectrometry.

Au nanoparticle preparation

TEG-coated Au particles were synthesized according to a previ-
ously described procedure.' Particle size was measured to be
11.1 + 0.9 nm by TEM. TEG-coated Au particles were dialyzed
against a buffer A of low ionic strength and pH 7.5 for 24 h
before the experiment. The number density of Au particles was
calculated based on absorbance at 400 nm and the known
dependence of the extinction cross-section on particle size.

Dynamic light scattering

Dynamic light scattering (DLS) measurements were carried out
with a Zetasizer NanoS (Malvern Instruments). For experi-
ments at neutral pH, 25 pl of 20 nM Au-TEG in the buffer of
0.05M Tris-HCI, 0.05M NacCl, 0.01M KCIl, 0.005M MgCl, at
pH 7.5 were mixed at room temperature with various amount
of protein (2-75 pl of 5.6 uM protein dimer) as well as
compensatory amounts of buffer to make a summed volume of
100 pl.

For the titration assay at pH 4.5, samples from a similar
assembly series as above were each mixed with 0.05SM NaOAc,
0.008M Mg(OAc), buffer at pH 4.0 at a ratio of 3: 1. Measure-
ment duration was set to be determined automatically, and data
were averaged from at least three runs. Intensity and volume
distributions of the particle sizes were recorded.

Fluorescence binding assay

For the neutral pH experiment, 50 pl of 20 nM Au-TEG in the
buffer of 0.05M Tris-HCI, 0.05M NaCl, 0.01M KCl, 0.005M
MgCl, and pH 7.5 were mixed at room temperature with
various amounts of protein (2-150 ul of 5.6 uM protein dimer

in the same buffer) as well as compensatory amounts of buffer
to make a total volume of 200 ul. However, the actual final
volume was generally different than the expected value from
summation. Nevertheless, small adjustments were done to
compensate for the error by measuring the total Au concen-
tration light absorbance and adjusting the volume to maintain
it at 3.86 nM.

Fluorescence collected at an angle of 90 degrees from the
assembly mixture was then measured at room temperature for an
excitation wavelength of 280 nm and an emission wavelength of
340 nm (SPEX Fluoromax 2 fluorimeter, Instruments SA, Inc.,
Edison, NJ). A series of control samples, which contained the
same components as the assembly series except for Au, were also
measured. For data analysis, fluorescence from the assembly
series had to be corrected due to the Au absorbance at the
excitation and the emission wavelengths. The correction was
made according to the formula:*

p Feoree  A(emission) + A(excitation)
g =

F, observed 2

where F denotes fluorescence intensity and A represents the Au
absorbance. Absorbance measurements of Au at the concentra-
tion of [Au]y resulted in: Feprrect = 1.5 X Fopgserved-

To perform the fluorescence binding assay at pH 4.5, the
assembly series from above were each mixed with a buffer of
0.05M NaOAc, 0.008M Mg(OAc), at pH 4.0 at the ratio of 3 to
1. Again, the actual final concentrations had to be determined
experimentally and we found [Au]p = 2.05 nM in this case. In
order to compare these results to those obtained from neutral pH
condition, they have to be multiplied by an absorbance factor of
1.23 and a dilution factor, 3.86/2.05 = 1.88, i.e., in this case:
Fcorrected =1.23 x 1.88 x Fobserved~

Conclusions

An intrinsic in vitro fluorescence quenching assay was developed
to examine the self assembly process of nanoparticle-templated
virus-like particles derived from BMV, at near to physiological
conditions. At neutral pH, non-cooperative association of
capsid proteins with the nanoparticle template occurred which
was described by a Langmuir adsorption model. At acidic pH,
the assembly is highly cooperative requiring the formation of
a critical nucleus of proteins adsorbed on the particle surface.
The size of the nucleus in this case is 2-3 times larger than that
previously observed for empty capsid formation. These studies
suggest that completely different pathways are possible in virus
assembly and the difference between them depends on the
environment.
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