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ABSTRACT OF THE DISSERTATION

Engineering and Virology of the Cowpea Mosaic Virus and Flock House Virus,
Positive Sense Icosahedral RNA Viruses

by

Jamie Patrick Phelps
Doctor of Philosophy in Chemistry
University of California, San Diego, 2017
Professor John Johnson, Chair
Professor Tim Baker, Co-Chair
Small positive sense icosahedral RNA viruses include polio, rhinovirus, dengue, Norwalk
virus, cowpea mosaic virus, and flock house virus. Cowpea mosaic virus (CPMV) and flock
house virus (FHV) are excellent model viral systems for studying and engineering these viruses.
Engineering BSA conjugated to CPMV attenuated 99% of the virus through 10,000-fold
serial dilutions and conjugating RNase safely inactivated the virus. RNase activity was inhibited
26-fold.
Engineering additional cysteine mutations to virus particles adds functional reactive
potential. Reducing agents stabilize this reactive potential while protecting the proteins from
unwanted aggregation. Mercaptopyridine based molecules are oxidizing agents that stabilize
proteins by capping reactive thiols forming stable aqueous disulfide bonds that can be reduced as
needed with traditional reducing agents. Stably bound mercaptopyridine or 2- mercaptopyridine-

xxiii

3-carboxylic acid was visualized with gel shifts in SDS-PAGE analysis.
The fixed positioning of metal nanoparticles on functional virus particles produced
plasmonic nanoclusters with resonances at visible and infrared wavelengths. The metal cluster
arrangement was controlled with placement of cysteine on the virus and VLPs. The fully
assembled NCs gave rise to a 10-fold surface averaged enhancement of the resonance signal,
which was consistent with calculated simulations.
The viral coat protein plays a role in almost every step of the life cycle of the virus. The
stability of the capsid is crucial for protecting the genome from physical, chemical, and enzymatic
damages. Magnetic tweezer forces were applied to the coat protein to understand the mechanical
stability of the virus. Unfolding of individual coat proteins occurred over the entire force range
while maintaining their attachment to the surrounding capsid proteins.
The emergence of new viruses into humans costs billions of dollars of medical relief. It is
vital to understand the mechanisms of cross species viral transmission. The virology of cross
species FHV infection in stressed mammalian cells was studied. A new approach of analyzing
cross species infection unveiled a new organelle association structure, various forms of organelle
malformation, multiple virus assemblies, and a more realistic understanding of the range of
phenotypes in viral infection.
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INTRODUCTION

Figure 0.1: CPMV Structure, The CPMV icosahedral asymmetric unit on the left contains three
beta jellyroll domains. The small coat protein is one jellyroll domain colored in blue, and the
large coat protein contains two jellyroll domains, colored in orange and grey. The reactive amines
of the five lysines are depicted as cyan spheres. Sixty copies of the asymmetric unit assemble to
create the virus capsid depicted on the right.

Viruses come in many shapes and sizes. They contain at minimum nucleic acids (1), they
usually contain proteins (2), and sometimes envelope lipids and oligosaccharides. Non-enveloped
small icosahedral viruses are among the most studied viruses due to their genetic simplicity and
structural symmetry. They are important in both biology and as nanomaterial building blocks (3).
The cowpea mosaic virus (CPMV) is a small icosahedral virus that packages a positive sense
bipartite single stranded RNA genome into two separate virus particles with identical capsid
structures (figure 0.1). RNA 1, the larger RNA molecule codes for non-structural proteins. RNA
2, the smaller RNA, codes for a large and small coat protein and a movement protein. The crystal
structure of the cowpea mosaic virus’ small T=1, pseudo P=3, 28 nm capsid was determined to
2.8 angstroms (4). The capsid is composed of 120 coat proteins, 60 copies each of the small and

1

2

Scheme 0.1: Conjugation Strategy, Bifunctional
linkers react with chemistry a (lysine reactive) to
molecule A (lysines) and chemistry b (sulfhydryl
reactive) to molecule B (sulfhydryl’s) to create the
conjugate A-B.
large coat proteins. The icosahedral asymmetric subunit has three jellyroll domains, one in the
small coat protein and two in the large coat protein.
The symmetry, stability, and yield of CPMV make it an interesting candidate for
nanotechnology. Protein conjugates are useful in diagnostics (5), drug delivery (6), and vaccine
therapeutics (7, 8). Engineering non-human viruses for display of human pathogens in vaccines is
safer than using human pathogens in those vaccines (2, 7). Inactivating and attenuating
component viruses through conjugation provides further safety improvements.
Little work has been done to examine the effect of virus – protein conjugation on the
activity of the participating proteins and virus particles. Protein conjugation linkers are commonly
bifunctional with lysine and cysteine reactivity (scheme 0.1) (7) to react selectively with the
different partners. Surface lysine residues contain primary amines that react with N-hydroxylsuccinimidyl-ester (NHS) groups (figure 0.1). There are two reactive lysines on the surface of the
small coat protein of CPMV and three reactive lysines on the surface of the large coat protein (9).
Some proteins contain surface cysteine sulfhydryl groups that react with maleimide. Bovine

3

Figure 0.2: Surface Enhanced Raman Spectra (SERS), (Top) (Not drawn to scale) In Raman
spectroscopy molecular vibrations interact with light and provide a fingerprint to identify
molecules. This is enhanced when incident light shines on an Au nanoparticle and creates an
evanescent plasmon that propagates along the surface of the particle. This creates the electric
field that enhances the Raman spectra of organic molecules in the presence of the electric
field. (Bottom) Clustering the Au nanoparticles at key distances around the virus allows
interaction of the electric field between the Au nanoparticles and enhances the coat protein
Raman signal.
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serum albumin (BSA), a blood transport protein, and RNase, an RNA degradation enzyme, were
the proteins conjugated to CPMV in these studies, and they contain no surface sulfhydryl groups.
Therefore, the small molecule SATA was used to introduce surface sulfhydryl’s in this case (10).
SATA contains a lysine reactive NHS group and a protected sulfhydryl that can be activated as
needed.
The icosahedral symmetry of CPMV provides a scaffold for fixed positioning of metal
nanoparticles that were predicted to create enhanced surface plasmons when arranged on the virus
for Raman spectroscopy (figure 0.2) (11, 12). Raman spectroscopy is an analytical technique that
fingerprints molecules using scattering from molecular vibrational frequencies. Surface plasmons
are waves of electron density that oscillate at the surface of metal particles (13). Surface enhanced
Raman spectroscopy is a technique that harnesses the electric field created by the oscillating
electrons to enhance Raman spectra of molecules at key distances near the surface. Previous work
focused on assembling metamaterials on larger spheres with random positioning of the
nanoparticles, in clusters without a metamaterial core, or on low yielding temperature sensitive
DNA assemblies (14-16). CPMV can be produced in gram quantities and the positioning on the
virus can be controlled with site directed cysteine mutations (3). The S25C BC loop cysteine
mutant was previously engineered to contain reactive cysteines near the 5-fold axis of symmetry
(17). This provides 12 attachment sites for the gold nanoparticles on the virus. Both RNA filled
and empty particles were tested. Dynamic light scattering and transmission electron microscopy
verified the presence and placement of gold nanospheres for visible plasmonic emission
experiments.
The physical properties of viral capsids, in particular stability, are crucial for
physiological function and bio-nanotechnological applications. Traditionally, viral stability has
been studied in bulk assays with chemical denaturation (18-22). The mechanical stability of
viruses is also important as the viruses are subject to forces from the nucleotides they package,

5

Figure 0.3: Magnet Tweezers Setup, CPMV was coated with
PEG Biotin through NHS lysine linkages, then bound
between a glass slide and a magnetic bead that were both
functionalized with streptavidin. A magnetic field applies
force to the magnetic bead that pulls on the coat protein of
CPMV.
osmotic pressure, shear forces, and other forces (23, 24). Few studies have been done that
investigate the mechanical stability of virus particles.
Recent developments in single molecule force spectroscopy experiments have made it
possible to investigate the mechanical stability of virus particles. A few such experiments have
been carried out using atomic force microscopy (AFM), which applied compressive loads using
AFM cantilever tips (25-31). The AMF experiments imaged global deformations on the virus
particles. Experiments that pull on specific residues rather than pushing on indistinct subunits
offered a new way to analyze the stability of viral coat proteins. In this work, the cowpea mosaic
virus (CPMV) capsid was probed with high force magnetic tweezers that applied tensile forces to
coat proteins on single CPMV capsids (figure 0.3). The cowpea mosaic virus served as a model
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system to investigate the integrity of the virus capsid using force ramp magnetic molecular
tweezers experiments.
Lysine reactive NHS ester PEG-7500-biotin linkers were introduced to RNA full and
empty CPMV capsids. The assembly was connected between streptavidin coated paramagnetic
beads and glass slides and stretched using magnetic tweezers (figure 0.3). The cyclic disruption
and reformation of the capsid was investigated using this novel force system.
Viruses naturally infecting other species pose health risks to humans and other organisms
if they change hosts. Influenza viruses, severe acute respiratory syndrome coronavirus, Ebola
virus and human immunodeficiency virus are a few examples of viruses that have crossed into the
human population this past century (32-35). Understanding the factors that lead to cross species
infection can help predict and defend against zoonotic infections. The flock hose virus (FHV) is
an excellent model system to study this phenomenon.
The insect virus flock house virus (FHV) is a simple icosahedral, positive sense, single
stranded RNA virus (figure 0.4). FHV contains a simple bipartite genome (36) packaged in a
single particle and produces only four viral proteins (37-41). RNA1 codes for the RNA-dependent
RNA-polymerase (RdRp) and RNA2 codes for the viral coat protein α. The α protein assembles
into a T=3 capsid composed of 180 coat proteins. Following viral assembly, the α protein
undergoes an auto-catalytic cleavage that yields β and γ, a c-terminal peptide. RNA1 produces
subgenomic RNA3 that is synthesized during RNA replication. RNA3 produces the B2 protein
that inhibits host RNAi responses.
Mammalian infection was previously generated by transfecting baby hamster kidney
(BHK) cells with FHV RNA 1 and 2 (42). The focus of the current work was to investigate if
FHV could infect cells of mammalian origin without transfection. Folic acid, vitamin B9, is an
essential vitamin for cells, and stressing the BHK cells with reduced FA concentrations created
the infectable phenotype.
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Figure 0.4: Flock House Virus Stressed Infection, A, the flock house virus icosahedral
asymmetric subunit contains the FHV coat protein in multiple chemical environments
colored in orange, blue, and grey. Structured RNA is part of the crystal structure viewed
on the bottom of the asymmetric subunit. B, sixty copies of the asymmetric subunit
assemble to create the viral capsid. C, Cell stress causes the infectable phenotype.
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FA is required for methionine-homocysteine metabolism, neurotransmitter metabolism,
amino acid synthesis, thymidine synthesis, purine synthesis and DNA repair (43-46). Here, it was
demonstrated that modification of FA concentration in the media of baby hamster kidney (BHK)
cells induces a visible cytomegalic phenotype and a retarded growth rate. This demonstrates that
modifications to typical cellular behavior can have a significant impact on host capabilities for
viral production. The process of cell stress may facilitate emergence of new zoonotic viral
production. An improved understanding of virus/host interactions can lead to better management
of health care.

CHAPTER 1

Effects of Conjugation on the Activity of RNase and the Cowpea Mosaic Virus

Jamie P. Phelps1,2 and John E. Johnson1,2,*

1) Department of Chemistry and Biochemistry, University of California, San Diego, 9500
Gilman Drive, La Jolla, CA 92093, USA
2) Department of Molecular Biology, The Scripps Research Institute, 10550, N. Torrey
Pines Road, La Jolla, CA 92037, USA
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1.1 ABSTRACT

Viruses are attenuated and inactivated to create effective and safe vaccines, assist
infection management, and for use as tools in nanotechnology. Engineering virus-protein
conjugates attenuates and inactivates the participating virus and proteins. The cowpea mosaic
virus (CPMV) was conjugated to BSA and RNase A using succinimidyl-[(Nmaleimidopropionamido)-octaethyleneglycol] ester (SM(PEG)8), a bifunctional linker and Nsuccinimidyl S-acetylthioacetate (SATA) a molecule that adds thiols to lysines. The succinimidyl
end of molecule reacts with lysines and the maleimide end of the molecule reacts with cysteines.
The conjugation was monitored with SDS-PAGE, CsCl gradients, and electron microscopy.
CPMV infectivity assays demonstrated that infection was attenuated 99.99% by the conjugation
of BSA, and fully inactivated by the conjugation of RNase. RNA hypochromicity activity assays
demonstrated that the activity of RNase A linked to the virus was diminished by the conjugation
26-fold.
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1.2 INTRODUCTION

Viruses are attenuated and inactivated to create effective and safe vaccines, during
infection management, and for use as tools in nanotechnology (47-49). For engineering and
therapeutic purposes, the virus should only be infective when the infection is required for the
intended function. The cowpea mosaic virus (CPMV) was conjugated to RNase A and BSA and
the attenuation and inactivation of the activity of CPMV and the RNase A enzyme were tested.
Protein conjugation is a growing field in nanotechnology. Protein conjugates traditionally
have many uses in research and therapy including diagnostics (5), drug delivery (6), and vaccine
therapeutics (7). CPMV is a virus that has been used extensively in nanotechnology. A few
examples include uses as a peptide vaccine carrier (8, 50), a platform to target cancer cells (51),
and a scaffold for plasmonic nanoclusters (52).
CPMV is a small icosahedral virus that packages a positive sense bipartite RNA genome
into two separate virus particles with identical capsid structures. RNA1 is the larger RNA
molecule, and it codes for the RdRp and other non-structural proteins. RNA1 shares the coat
protein by giving some of the particles to RNA2, which codes for the CPMV capsid and a
movement protein. The contents of both RNA1 and RNA2 are required for systemic infection.
The CPMV T=1, pseudo P=3, 28 nm capsid is well characterized and the crystal structure was
determined to 2.8 angstroms resolution (9). The capsid is composed of 120 coat proteins 60 each
of a small and large coat protein (figure 1.1). The asymmetric subunit contains three jellyroll
motifs, one in the small coat protein (SCP) and two in the large coat protein (LCP), and each
icosahedral asymmetric unit contains 5 surface exposed lysine residues that can be used to
covalently attach proteins.
The heterobifunctional linker SM(PEG)8 and SATA were used to conjugate BSA and
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D
BSA Dimer

RNase A

Figure 1.1: CPMV, BSA, and RNase A, A, The asymmetric unit is composed of one copy of the
small coat protein colored blue, and one copy of the large coat protein, the N-terminus is orange
and the C-terminus is grey. The five surface exposed lysine residues are labeled and colored cyan.
B, The assembled CPMV capsid contains 60 copies of the asymmetric unit. The 2, 3, and 5-fold
axis of symmetries are indicated with arrows. C, BSA dimer is shown as an orange and blue
subunit. D, RNase A is shown in orange bound to a blue ATP.
RNase to CPMV. Heterobifunctional linkers were previously used to conjugate proteins to
CPMV by Chatterji et al. (2004) (53). Bifunctional protein conjugation linkers, such as viral
surface lysine residues, contain primary amines that can react with the NHS groups. There are
two reactive lysines on the surface of the small coat protein of CPMV and three reactive lysines
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Figure 1.2: Conjugation Method, Step 1, a protected sulfhydryl group was added to the lysine
primary amine of the protein using the SATA NHS chemistry. Step 2, simultaneously,
SM(PEG)8 was added to the lysines on the virus using NHS chemistry. Step 3, hydroxylamine
was used to remove the acyl group protecting the SATA sulfhydryl. Step 4, the thiol added to the
protein reacted with the maleimide chemistry to conjugate the protein to CPMV.
on the surface of the large coat protein (9). Some proteins contain surface cysteine sulfhydryl
groups that are reactive with the maleimide end of the bifunctional linker. BSA and RNase were
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conjugated to CPMV in these studies and they do not contain surface sulfhydryl groups.
Sulfhydryl groups were added to surface lysines on the protein using the small molecule SATA
(10) (figure 1.2). SATA contains a lysine reactive NHS group and a protected sulfhydryl.
The above modifications to the protein and virus were hypothesized to inhibit the
function of both the virus and the attached proteins. Infectivity assays were used to assay for the
inhibition of the virus and hypochromicity RNase activity assays were used to test the inhibition
of conjugated RNase. Hypochromicity is a phenomenon where the optical density of single
stranded RNA goes down as the RNA folds and base pairs with itself (54). Conversely, the
optical density of the RNA goes up, as the RNA is degraded into monomers and it no longer folds
to make base pairs.

1.3 RESULTS AND DISCUSSION

There are five reactive lysines on the surface of CPMV (figure 1.1) that can be modified
with the NHS moiety of SM(PEG)8, two on the small coat protein, K38 and K82, and three on the
large coat protein, K34, K99, and K199. The small coat protein contains one jellyroll domain
with the lysines situated at position 38 close to the middle of the asymmetric subunit and position
82 near the 5-fold axis of symmetry. The large coat protein contains two jellyroll domains. Two
of the reactive lysines are in the N-terminal domain and one is on the C-terminal domain. K34 is
near the 3-fold axis of symmetry, and K99 is close to the middle of the asymmetric unit. K199 is
on the C-terminal domain of the LCP between the 3-fold axis and the middle of the asymmetric
subunit.
BSA and RNase were conjugated to the reactive lysines of CPMV using the SM(PEG)8
heterobifunctional linker as shown in figure 1.2. The NHS ester end of the SM(PEG)8 molecule
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Figure 1.3: CPMV RNase A and BSA Conjugates, The asymmetric subunit is shown conjugated
to two RNase molecules, A, and a BSA dimer, B. The LCP is orange and the SCP is blue. The
linker, SM(PEG)8 is shown in grey and the molecules linked to the SCP and LCP are shown in
lighter shades of orange and blue. The RNase A, C, and BSA dimer, D, assembled virus particles
are shown with the same color scheme as A and B.
reacts specifically with the surface exposed lysines on CPMV to add a free maleimide that can
react with sulfhydryl groups on incoming proteins. Both BSA and RNase do not have reactive
cysteines on their surface. Therefore, SATA was used to add the sulfhydryl moiety. SATA
contains a lysine reactive NHS ester and a protected sulfhydryl to prevent protein aggregation
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prior to the intended reaction. SATA was added to the proteins at a molar ratio of 0.75 moles of
SATA per mole of protein. Fewer moles of SATA were used than moles of protein to ensure that
the majority of the reactive proteins contained only one SATA molecule per protein, thus
preventing crosslinking of viral subunits during conjugation. The acyl group protecting the
sulfhydryl was removed using hydroxylamine prior to linking the proteins to the virus. Sulfhydryl
reactive SATA – protein was brought to maximum concentration to enhance the efficiency of the
conjugation and then CPMV - SM(PEG)8 added to conjugate the virus to the proteins.
Models of RNase A, PDB ID 4G8Y, and BSA, PDB ID 4OR0, linked to the asymmetric
subunit, 1NY7, and virus are shown in figure 1.3. The LCP is depicted in orange and the SCP in
blue. The linker SM(PEG)8 is depicted in grey. RNase A and BSA attached to the coat proteins
are depicted in lighter shades of orange and blue. Two RNase A molecules and a BSA dimer are
attached to the asymmetric subunit. One RNase A molecule is 14 kDa and two linked to the
asymmetric unit adds 28 kDa to each subunit. The asymmetric subunit consists of the 21 kDa
SCP and the 41 kDa LCP for a total of 62 kDa. One 66 kDa BSA molecule is larger than the
entire asymmetric subunit. Linking a BSA dimer to the virus adds 132 kDa to the 62 kDa subunit.
Densitometry was used to quantify the conjugation efficiency (from figure 1.4). An
estimate of 2.1 molecules of RNase and 1.5 molecules of BSA bound each asymmetric unit for a
total of 128 RNase molecules per virus and 91 BSA molecules per virus. The calculations for
RNase were complicated by the fact that the molecular weight of RNase is the same as the
difference between the observed difference in molecular weight of the CPMV LCP and SCP.
Therefore, the SCP-1 RNase band overlaps with the LCP band, and the SCP-2 RNase band
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Figure 1.4: Conjugation Analysis, The cesium chloride gradient tubes on the top align with the
lanes in the gel below. The RNA/Protein ratio determines the density of the particle. As the mass
of protein in the conjugate increases, the density of the conjugate decreases, therefore the band
equilibrates at a higher position. The density difference between the RNA1 filled and RNA2
filled bands becomes indistinguishable. Densitometry of the gel determined that there were an
estimate of 2.1 RNase A molecules conjugated to each asymmetric subunit and 1.5 BSA
molecules conjugated to each asymmetric subunit. From left to right is a molecular weight
marker, WT CPMV, CPMV – RNase, and CPMV-BSA. The molecular weights of the bands are
indicated from the right and left of the gel. WT CPMV bands are indicated with white arrows,
RNase conjugate bands are indicated with orange arrows, and BSA conjugate bands are indicated
with blue arrows.
overlaps with the LCP-1 RNase band. The conjugation quantification was taken to be an estimate.
The virus concentration was estimated using the RNA optical density signal at 260 nm. The same
amount of virus was loaded into each lane.
The SDS-PAGE analysis of the protein conjugations can be seen in figure 1.4. WT
CPMV displays bands for the small and large coat protein at 26 and 41 kDa. The molecular
weights of RNase and BSA conjugated to CPMV are shown in figure 1.4. The small coat protein
contains two surface exposed lysines, so it can be conjugated to one or two proteins. The large
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Figure 1.5: Heat Release, The gel has the lanes labeled above the gel. The temperature that
the sample was prepared at is indicated above the label and color-coded. Samples incubated at
50 C are labeled in blue. Samples incubated at 100 C are labeled in orange. Unmodified WT is
labeled in black. Below the labels, + or – symbols indicate if DTT was added to the sample
while incubating for SDS-PAGE. Open triangles indicate the position of free BSA and RNase.
Full triangles indicate the position of unconjugated LCP and SCP. Relative intensity levels of
the numbered bands are depicted in the bar graph below. The color and fill scheme are the
same as the gel above. Free BSA, RNase, LCP and SCP were released from the conjugate
while heating the samples to prepare them for the gel. The addition of DTT to the sample
made little difference to the intensity of the bands.
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coat protein contains three surface exposed lysines, so it can be conjugated to one, two, or three
proteins.
The virus conjugates were loaded onto 32%-50% cesium chloride density gradients for
further purification and analysis (figure 1.4). WT CPMV produced two bands in the gradient seen
in the second lane. This was because CPMV packages RNA1 and RNA2 into separate virus
particles. CPMV that packaged RNA1 was denser than CPMV that packaged RNA2, because the
RNA/protein ratio was higher for the virus that packages the larger RNA1. With 14 kDa RNase
and 66 kDa BSA conjugated to CPMV the RNA/protein ratio went down and the conjugate
sediments at a lower density. The addition of 1.5 BSA molecules per asymmetric subunit more
than doubled the protein content of the capsid and the density difference between the RNA filled
particles became indistinguishable.
Free BSA and RNase can be seen in every SDS-PAGE gel of the conjugates. The
samples in figure 1.4 were purified with both SEC and CsCl gradient centrifugation, so all BSA
and RNase loaded onto the gel was associated with the virus prior to preparing for SDS-PAGE.
Heating the samples prior to loading onto the SDS-PAGE gels caused the conjugated proteins to
detach from the virus particles (figure 1.5). Free BSA and RNase levels rose as the boiling
temperature was raised. The temperature was lowered to 50 C for heating to minimize the release
of protein during the sample preparation for most SDS-PAGE gels.
Electron microscope images of CPMV-BSA and CPMV-RNase conjugates show
conjugate coatings around the virus (figure 1.6). The texture of conjugates agreed with the models
of the conjugates made in figure 1.3. Individual RNase molecules can be seen surrounding what
appeared to be virus particles and the BSA conjugate appeared to be a shell around the virus. The
conjugation efficiency was high enough to hide the virus and make it look larger for most
examples shown. Arrows point to the conjugates where the virus can be seen. Unconjugated
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CPMV-BSA

CPMV-RNase

Figure 1.6: CPMV Conjugate Electron Microscopy, CPMV conjugated to BSA is above, and
CPMV conjugated to RNase is below. Unconjugated CPMV can be seen inlaid in both images.
Arrows point to conjugates where it appears that capsid can be seen.
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CPMV is shown inlaid in the two images to provide a reference. The EM images and models both
support the efficiency of conjugation conclusions.
RNase activity assays were performed to study the effect of conjugation on the enzyme.
CPMV RNA was extracted from purified virus and used as the RNA for the assays (figure 1.7).
Baseline absorbance was allowed to stabilize for two minutes before each experiment (figure
1.7). The total amount of single stranded RNA was calculated using an extinction coefficient of e1
= 0.0263 (cm ml)/µg. Excess RNase was added to completely digest the RNA after the reaction
curve appeared to reach the asymptote. The extinction coefficient of digested RNA (e2) was
calculated after all of the RNA was digested using the same concentration as undigested RNA.
The amount of RNA digested at any point in the curve was calculated following the equation,

𝜇𝑔!"#$%&$! =

(𝐴 − 𝑒! 𝑐𝑙)
∗ 𝑐𝑉
(𝑒! 𝑐𝑙 − 𝑒! 𝑐𝑙)

Where A is absorbance, c is the concentration of undigested RNA, l is the path length of
the cuvette, and V is the volume of the reaction. The fractional term represents the percent of
RNA that was digested at any time point and cV is the total µg of RNA.
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Figure 1.8: Progeny CPMV RT-PCR, Top panel, five 100-fold dilutions of each sample were
inoculated onto plants ranging from 1 mg/ml to 10 pg/ml. Samples were collected from plants
two weeks after infection and leaves were tested for the presence of progeny virus. RT-PCR
results for CPMV infectivity assays were analyzed on an agarose gel. Bands indicate the presence
of an infection. Five lanes each of WT CPMV, CPMV-RNase conjugate, CPMV + RNase
mixture, and CPMV – BSA conjugate are listed from left to right. Bottom Panel, table of
infectivity scores for the gel above. The infectivity score represents the number of infective
samples per group.
The rate of the reaction was calculated from the slope of the initial linear portion of the
curve (figure 1.7). The specific activity was calculated for free RNase, 308 µg/(µg min) and
RNase conjugated to CPMV 12.1 µg/(µg min). RNase was inhibited 26-fold when conjugated to
the virus.
Infectivity assays were performed on CPMV to analyze the effect of conjugating proteins
onto the virus (figure 1.8). One hundred-fold serial dilutions of CPMV, CPMV-protein, and
CPMV mixed with protein were made and the minimum virus needed to create an infection of the
plant was determined. WT CPMV was infective over the range of four dilutions from 1 mg/ml to
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1 ng/ml. CPMV conjugated to RNase was not infective at all. Mixing CPMV with RNase,
without conjugating RNase to the virus, produced infection over the rage of three dilutions from 1
mg/ml to 100 ng/ml, slightly inhibiting the virus. Conjugating the virus to non-enzymatic BSA
inhibited the virus, producing an infection over the range of two dilutions from 1 mg/ml to 10
µg/ml. An infectivity table summarizing the number of dilutions that were infective was
displayed in the table in figure 1.8.
RNA was extracted from the samples presented in figure 1.9 to see if the RNA was stable
in the conjugated virus samples (figure 1.9). DEPC was added to each sample to inactivate the
RNase enzymatic activity prior to extraction. Similar ratios of full length RNA1 and RNA2 were
detected for each sample. This suggested that the virus shell could protect the RNA when RNase
was conjugated to the outside of the virus. RNA cleavage and inactivation of the virus for the
CPMV-RNase conjugate likely happened during the uncoating of the virus in vivo.

Figure 1.9: Isolation of full length RNA from conjugated samples, Full length RNA 1 and RNA
2 was extracted from samples treated with DEPC to inactivate the RNase enzyme. From left to
right, WT CPMV, CPMV-BSA conjugate, CPMV + RNase mixture, and CPMV – RNase
conjugates are shown. The presence of intact RNA was confirmed for every sample.

1.4 CONCLUSIONS

RNase and BSA were chemically conjugated to the surface of CPMV using the
heterobifunctional linker SM(PEG)8. The conjugation reactions required 100-fold excess of
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protein per asymmetric subunit. RNase was conjugated with an estimated efficiency of 2.1
molecules per asymmetric subunit, 128 per virus particle, and BSA was conjugated with an
estimated efficiency of 1.5 molecules per asymmetric subunit, 91 molecules per virus particle.
Conjugated RNase was estimated to be 26-fold less active than free RNase. This level of activity
was enough to completely inactivate the infectivity of the virus. Conjugating BSA to the virus
attenuated the infectivity of the virus 10,000-fold. Unmodified virus was infective at a
concentration of 1 ng/ml. It took a concentration of 10 µg/ml of the BSA conjugated virus to
produce an infection, therefore 99.99% of the BSA conjugated virus was attenuated. No receptor
was necessary for CPMV entry into cells. Insects typically disrupt cells mechanically to transmit
plant viruses from plant to plant in the wild (55, 56), and carborundum was used to disrupt cells
for infection in these experiments. The steric cover and/or chemical modification of CPMV by
BSA and the linker may have inhibited the natural uncoating process in a manner that favored
competitive degradation of the virus and allowed for the cell to mount antiviral defenses before
an infection took hold.
The samples were purified with both SEC and CsCl gradients. The density of the
conjugate was less as the protein content was raised. With the addition of extra protein, the
density difference created by the difference in weight between packaged RNA 1 and RNA 2
became less and the space between the species vanished. Free BSA and RNase were seen in every
gel that analyzed the conjugations. It was shown that both RNase and BSA were released from
the complex in a temperature dependent manner during the preparation of the SDS-PAGE
samples.
Intact RNA was extracted from each sample, so the virus coat was able to protect the
RNA even with RNase chemically linked to the outside of the capsid. The infectivity was most
likely abolished by RNase during the uncoating of the virus in vivo. This research provided a new
method for inactivating and attenuating virus particles.
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1.5 MATERIALS AND METHODS

All reagents were purchased from Thermo Fisher Scientific, Waltham, MA unless
otherwise specified.

Propagation of CPMV
CPMV was produced following the methods of Wellink (57). Briefly, leaves of seven day
old California cowpea #5 (Ferry-Morse) were inoculated with previously infected leaf tissue
ground in diatomaceous earth. Infected tissue was harvested and frozen at -80 C two weeks after
infection. Frozen leaf tissue was crushed by hand and blended for 20 seconds in a warring blender
(Warring, New Hartford, CT) in 10 mM M PO4, 140 mM NaCl, pH 7.4 (PBS). The mixture was
centrifuged at 15,000 g for 15 minutes to pellet cellular debris and then filtered through
cheesecloth. The supernatant was then extracted with 0.7 volumes of a 1:1 mixture of chloroform
and butanol for 15 minutes. The mixture was centrifuged for 5 minutes at 15,000 g. The top
aqueous layer was collected and the virus was precipitated with 5% PEG 6000 and 0.25 M NaCl
for 30 minutes. The precipitate was centrifuged at 15,000 g for 30 minutes and resuspended in
PBS. Insoluble material was pelleted at 20,000 g for 15 minutes. The virus was then pelleted at
45,000 rpm (244,280 g) in a 50.2 Ti rotor (Beckman Coulter, Inc., Brea, CA) and resuspended in
virus buffer. The virus was then purified on a 10% to 40% sucrose gradient at 28,700 rpm
(140,435 g) in a SW 32 Ti rotor (Beckman Coulter, Brea, CA) for 2 hours. The virus bands were
collected and then pelleted again at 45,000 rpm (244,280 g) in a 50.2 Ti rotor before being
resuspended in virus buffer at a minimum of 10 mg/ml. Cesium Chloride gradients were
performed following the methods of Bruening 1969 (58). Briefly, 32%-50% CsCl gradients were
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made and spun for 16 hours at 30,000 rpm in an SW 32 Ti rotor (Beckman Coulter, Brea, CA).
The bands were collected with a syringe.

Protein Conjugation
CPMV was diluted to 1 mg/ml in 0.1 M PO4, 10 mM EDTA, and 150 mM NaCl, pH 7.2
(conjugation buffer). One hundred molar equivalents of SM(PEG)8 (Thermo Fisher, Waltham,
Ma) linker per mole of CPMV icosahedral asymmetric subunit were incubated with CPMV at
room temperature for four hours.
Concurrently, one hundred molar equivalents of RNase or BSA per mole of CPMV
asymmetric subunit were incubated with 0.75 molar equivalents of SATA per mole of RNase or
BSA for two hours in conjugation buffer. Hydroxylamine solution was prepared as a 10 x
solution and was added to a final concentration of 50 mM hydroxylamine, 2.5 mM EDTA, 5 mM
Na PO4, pH 7.2 and incubated for 2 hours at room temperature.
Hydroxylamine and unreacted SATA were removed from the proteins and virus with
three rounds of centrifugal ultrafiltration. Sulfhydryl activated BSA and RNase were concentrated
to maximum concentration prior to mixing with activated CPMV. CPMV was precipitated three
times with 10% PEG 6000, 0.5 M NaCl for five minutes on ice and then centrifuged at 20,800 g
in a bench top centrifuge for 10 minutes to remove excess linker. The final CPMV pellet was
resuspended with concentrated SATA reactive protein and allowed to incubate at room
temperature overnight. Conjugated virus was purified from excess protein with a Sephadex S200
SEC column.
The conjugation efficiency was measured using ImageJ densitometry analysis of SDSPAGE gels.
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Activity Assays
CPMV RNA was extracted with Life Technology (Carlsbad, CA) RNA extraction kits.
RNA was brought to an absorbance reading near 0.5 and the signal was allowed to stabilize.
RNase, CPMV, or CPMV – RNase was added to the cuvette and the absorbance change was
monitored. RNase was added to completely digest the RNA. The amount of RNA digested was
calculated along the path from the initial absorbance reading to the absorbance reading of the
completely digested RNA. The rates were taken from the linear slope soon after adding protein or
virus.

Infectivity Assays
Five 100-fold serial dilutions ranging in concentration from 1 mg/ml to 10 pg/ml were
inoculated onto the primary bifoliate leaves of seven-day old cowpea plants. Leaf tissue was
collected from the second layer of trifoliate leaves two weeks post-inoculation and frozen at -80
C. RNA of infected plants was extracted using Ambion kits and the RNA was assayed on
Agarose gels.
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2.1 ABSTRACT

This research involves replacing the reducing agents with reversible cysteine protecting
reagents that display gel shift capabilities associated with capping free thiols. Additionally, these
cysteine-capping reagents provide novel conjugation scaffolds for introducing interesting
functional moieties. Reducing agents generally cleave disulfide bonds in proteins, thereby
influencing the folding, assembly and stability of proteins. The mercaptopyridine based
molecules were previously used in protein chemistry to protect sulfhydryl groups on protein
linkers. SDS-PAGE gels show that mercaptopyridine and mercaptonicotinic acid stably oxidize
free sulfhydryl groups on the surface of cysteine inserted CPMV in the absence of reducing
agents. The capped cysteine residues can be reduced as necessary by the addition of reducing
agents to regenerate the free sulfhydryl groups.
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2.2 INTRODUCTION

This article introduces protecting reagents that replace the need for reducing agents by
capping reactive thiols with a stable disulfide bond. Reducing agents are commonly used in
biochemistry to reduce cysteine disulfide bonds (43). Reducing agents are essential for folding,
assembly, and stability of some biomolecules and may be detrimental to others (59-61). For
example, cysteine mutants of the cowpea mosaic virus (CPMV) that display surface exposed
reactive cysteine residues require reducing agents to prevent irreversible aggregation (17). Even
in the presence of reducing agents, extra care must be taken, while handling the cysteine mutant
virus to prevent irreversible aggregation. Experiments must be done quickly, especially during
pelleting steps and while working with virus at high concentrations. The cysteine reactive virus is
more stably stored in DTT at lower concentrations than virus that lacks reactive thiols capable of
forming disulfides. However, not all the proteins are stable in the presence of reducing agents.
For example, antibodies are a class of proteins that are unstable in the presence of reducing agents
(62, 63). EM structures of WT CPMV in complex with antibodies were elucidated by Porta et al.
in 1994 (64). If the cysteine mutant CPMV particle were to be used in the above structural study,
the CPMV mutant would require DTT for its solubility, while the antibodies are sensitive to the
reducing agents. This incompatibility would make the working with the virus and antibodies in
the same solution difficult. New possibilities will be made available if this “catch 22 situation” is
resolved. Using reducing agents for stability is a common occurrence with proteins (65).
Therefore, there is a general need to develop reagents that reversibly cap reactive cysteines
without being present in the sample solution (after the capping reaction) to affect other molecules
in the reaction mixture. A protecting reagent can stably cap reactive thiols, thus replacing the
need for reducing agents. Moreover, these capping reagents provide gel shift capabilities, and
function as a scaffold for the attachment of interesting functional moieties.
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Figure 2.1: Mercaptopyridine Based Caps, A, SMPT, 2-mercaptopyridine, and
mercaptonicotinic acid are shown. Previous work used the NHS ester on SMPT as a
linker to add sulfhydrals to lysines on proteins. MP protects the free thiol on SMPT
and is removed when needed with standard reducing agents. MNA is MP with a
carboxilic acid at the three position of the ring. B, Thiol, intermidate, and thione
tautomer structures for MP are shown. The nitrogen in the ring can accept a
hydrogen and catalyze disulfide formation.
Examples of molecules that can do this are 2-mercaptopyridine (MP) and
mercaptonicotinic acid (MNA). MP has previously been used to protect reactive thiol groups on
succinimidyloxycarbonyl-methyl-(2-pyridyldithio) toluene (66) (SMPT) (figure 2.1). SMPT is a
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linker that can be used, for example, to covalently bind lysines of one protein to cysteines of
another protein to make chemically conjugated heterodimers that contain the function of both
proteins (66). SMPT uses the NHS ester end of the molecule to add thiols to the primary amines
of surface exposed lysines on proteins. If needed, the stable disulfide bond between MP and the
rest of the linker can be reduced to provide a free thiol in the presence of common reducing
agents like DTT, BME, or TCEP. Mercaptonicotinic acid (MNA) is MP with a charged
carboxylic acid at neutral pH added to the 3 position of the pyridine ring (figure 2.1). The
nitrogen on the ring can accept the hydrogen from the sulfhydryl group and catalyze the reduction
of free thiols (figure 2.1b) (67-69).
CPMV is a well characterized small icosahedral virus used in nanotechnology (70). The
crystal structure of CPMV was determined to 2.8 Å resolution and a depiction is shown in figures
2.2 and 2.3 (9). The S25C CPMV cysteine mutant in the small coat protein (SCP) and the
GGCGG insert in the large coat protein (LCP) were used to test the utility of MP and MNA as
protecting reagents and as conjugation scaffolds introducing a carboxylic acid (figures 2.2, 2.3).
The SCP is shown in orange, and the large coat protein LCP is shown in blue. The loop between
the B and C beta strands in the small coat protein was previously engineered to contain a S25C
mutation and the cap is shown colored by elements. The loop between the E and F strands of the
LCP was engineered to contain a GGCGG insert also shown in grey with the cap colored by
element (17). Previous studies showed that the LCP C295 is accessible to small molecules with
thiol affinity inside the virus (71), and this is also shown in figures 2.2 and 2.3.
Phosphates are an example of charged small molecules that have been known to bind and
regulate proteins. Gel shifts of SDS-PAGE bands are commonly used to monitor phosphate
regulation by the activity of kinases and phosphatases (72, 73). Proteins move through SDSPAGE gels with a uniform charge to mass ratio, so gel shifts of protein bands on SDS-PAGE can
be visualized by attaching small charged molecules on proteins (figure 2.4). The CPMV small
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Figure 2.2: Large Coat Protein Mutant, The SCP is shown in orange and the LCP is shown in
blue. The cysteine side chain, MP, and MNA are colored by element. a) MP is connected to the
LCP GGCGG insert and LCP C295 as indicated with arrows. b) MNA is coSidneynnected to the
LCP GGCGG insert and LCP C295 as indicated with arrows. C and D, only the SCP S25C
cysteine can be seen on the surface of the assembled virus, because the WT LCP C295 cysteine is
on the inside of the virus. c) MP bound virus is shown. d) MNA bound virus is shown.
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Figure 2.3: Small Coat Protein Mutant, The SCP is shown in orange and the LCP is shown in
blue. The cysteine side chain, MP, and MNA are colored by element. A) MP is connected to the
SCP S25C and LCP C295 as indicated with arrows. B) MNA is connected to the SCP S25C and
LCP C295 as indicated with arrows. C and D, only the SCP S25C cysteine can be seen on the
surface of the assembled virus, because the WT LCP C295 cysteine is on the inside of the virus.
C) MP bound virus is shown. D) MNA bound virus is shown.
and large coat proteins migrate to two regions on SDS-PAGE gels. The charge on MNA was
hypothesized to create a gel shift in SDS-PAGE, but MP is not charged, so no shift was
hypothesized for MP.
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2.3 RESULTS AND DISCUSSION

The reducing/protecting agents were used to purify the cysteine mutant virus particles
and then gel shift assays were used to assay the stability of the conjugated caps. The mutations
were modeled using Modeller and refined with Maestro, and the MNA and MP caps are shown in
figures 2.2 and 2.3. The RGGGCGGK sequence in the LCP mutant loop is glycine rich and
charged, which is typical for unstructured sequences (74). The LCP insert shown is a depiction of
a possible confirmation. The presence of the mutations was confirmed by sequencing (figure
2.S1). A gel shift was expected for the binding of MNA to CPMV, but the shift observed with
MP was unexpected, because MP is not a charged molecule (figures 2.1, 2.2, and 2.3).
The cysteine mutant constructs were purified in DTT, MNA, or MP. Free
reducing/protecting agent was removed with three rounds of PEG precipitation into 0.1 M NaPO4
pH 7.0. DTT was added to one of the paired samples with no cap (figure 2.S2), MNA (figure
2.S3), or MP (figure 2.S4) to remove MNA or MP and create a control for gel shifts. The
densitometry is shown below the gel for each of the lanes. Peak symmetry and the presence or
absence of shoulders signifies how much of a shift occurred. The efficiency of the shift varied
between proteins. The LCP had a more efficient shift than the SCP. The LCP is WT in the SCP
cysteine mutant and the SCP is WT in the LCP mutant. The WT LCP band ran at 42 kDa and the
WT SCP band was a doublet at 24 kDa due to proteolytic processing of C-terminal residues (2).
Gel shifts were observed for the LCP in every sample that was purified with MNA and MP
(figures 2.S3 and 2.S4). Both the LCP and the SCP bands shifted in the SCP mutant lanes for the
samples that were purified in MP and MNA. The results indicate that a WT cysteine was being
capped in the LCP. It was previously reported that WT LCP cysteine 295 was available for small
molecule reactions inside the virus (71) (Wang et al. 2002) and results were in agreement with the
above observations. Compared to the SCP, the LCP shifted heterogeneously. Disulfide bonds
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may have been heterogeneously forming in SDS after having the reducing agent removed in those
samples and/or multiple cysteines may be heterogeneously capped. This heterogeneity made it
difficult to distinguish between the WT and mutant LCP proteins, and made it difficult to confirm
the presence of the LCP mutant with gel shift assays. The SCP shift consistently showed up as a
single tight band in the expected SCP mutant lanes. The shifted SCP bands were likely also a
doublet, but the upper shifted band was overlaid with the SCP trimmed non-shifted band.

Figure 2.4: MNA Stability Time Course, MNA time course. The time course samples for the
LCP cystein mutant and the SCP cystein mutant were labeled above the gel. The samples where
+DTT was added to the sample buffer serve as the control. The 42 kDa LCP bands and 24 kDa
SCP bands are indicated from the left of the gel. The gel shift intensity appeard to be stable over
the period of five days.
To prove that the bond was stable over time, aliquots of samples were taken over a period
of five days to confirm that MNA and MP bound to the virus stably (figure 2.4). The free
reducing agents in the supernatant were exchanged with three rounds of PEG precipitations into
0.1 M NaPO4 pH 7.0. The cysteine mutant samples were stable and showed no visible signs of
aggregation for 5 days after free protecting reagent was removed. The samples were viewed with
SDS-PAGE and the gel shifts appeared to be stable over the duration of the experiment.
Until now, utilizing the natural process of disulfide bond formation has largely been
ignored in the protein conjugation field. MP and MNA were used as protecting reagents in these
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experiments and over time the bond was shown to be stable enough to be a candidate for
conjugation chemistry. Furthermore, the carboxylic acid on MNA can be leveraged to incorporate
functional groups at the location of the capped cysteine residue and other moieties can be added
at any of the other positions on the pyridine ring.

2.4 CONCLUSIONS

Previous work done on glycine rich domains showed that they are commonly not
structured. Therefore, the model of the LCP insert was an estimated structure. Further work could
be done to improve the understanding of how this loop is structured.
Both MNA and MP can be used as cysteine protective reagents, replacing the need for the
reducing agents such as DTT and BME. These caps were stable for 5 days in the gel shift assays
after free capping agent in solution was removed. The carboxylic acid on the MNA ring can be
modified further in future experiments. MNA and MP are inexpensive compared to most
biochemical reagents. Their use as the cysteine capping reagents and their ability to cause gel
shifts make them useful biochemical reagents.
The reaction efficiency was nearly 100% for some of the samples tested. Future work
could include optimizing the reaction conditions and the chemistry of the protective cap.

2.5 MATERIALS AND METHODS

Propagation of CPMV
MNA and MP were purchased from Sigma-Aldrich (St Louis, Missouri). They are both
water soluble to about 0.1 M at pH 7.0 in a pH dependent manner. As the pH was lowered, the
solubility decreased, so the pH was adjusted while bringing the molecules into solution. Ferry-
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Morse California cowpea #5 seeds were purchased from Plantation Products, Norton MA. All
other reagents were purchased from Thermo Fisher Scientific, (Waltham, MA).
The procedure for producing CPMV virus particles was similar to the one used by
Wellink (57). Briefly, leaves of seven-day-old cowpea plants were inoculated with the cysteine
mutant (S25C of SCP) infected leaf tissue ground in 0.1 M PO4 buffer pH 7.0 with diatomaceous
earth. Infected tissue was harvested and frozen at -80° C after two weeks post-inoculation. Frozen
leaf tissue was crushed by hand and blended in 0.1 M PO4 pH 7.0 with either 0.01 M DTT or 0.1
M MNA or 0.01 M MNA or 0.1 M MP, or 0.01 M MP. Leaf tissue was removed by
centrifugation at 15,000 g for 15-30 minutes and then filtered through cheesecloth. The
supernatant was then extracted with a mixture of 1:1 chloroform butanol for roughly 15 minutes.
The mixture was again centrifuged at 15,000 g for 15 to 30 minutes. The top aqueous layer was
collected and then the virus was precipitated with 5% PEG 6000 and 0.25 M NaCl. The
precipitate was then centrifuged at 15,000 g for 30 minutes and resuspended. Insoluble material
was removed by centrifuging at 20,000 g for 15 to 30 minutes. The virus in the supernatant was
then pelleted at 45,000 rpm in a 50.2 Ti rotor (Beckman Coulter Inc., Brea, CA). The
resuspension was purified on 10 to 40% sucrose gradient and centrifuged at 28,700 rpm in a SW
32 Ti rotor (Beckman Coulter, Brea, CA) for 2 hours.

Preparation for SDS-PAGE analysis
Reducing agent in solution was removed by PEG precipitating the virus three times with
10% PEG 6000 0.5 M NaCl. Samples spun at max speed in a cold bench top centrifuge,
resuspended in 0.1 M PO4 pH 7.0, and then analyzed using SDS-PAGE. J
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2.7 SUPPORTING INFORMATION

Figure 2.S1: CPMV Cysteine Mutant Sequencing, The LCP sequencing results are above the
SCP sequencing results. The insert in the LCP is between G98 and K99. The SCP mutation is
S25C.
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Figure 2.S2: Samples Purified in DTT, Samples purified in DTT are shown above. The LCP
mutant is on the left and the SCP mutant is on the right. Pairs of samples were incubated with
(+DTT) or without (-DTT) DTT in the sample buffer. The densitometry for the gels is below each
pair of samples. The –DTT sample is shown above the +DTT sample. The large coat protein is
more heterogeneous in –DTT samples than +DTT samples. The heterogeneity presents itself as a
shoulder on the peak in the densitometry. Samples incubated with DTT in the sample buffer have
higher symmetry peaks.
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Figure 2.S3: Samples Purified in MNA, Samples purified in MNA are shown above. The LCP
mutant is on the left and the SCP mutant is on the right. Pairs of samples were incubated with
(+DTT) or without (-DTT) DTT in the sample buffer. The densitometry for the gels is below each
pair of samples. The –DTT sample is shown above the +DTT sample. Samples incubated with
DTT in the sample buffer have symmetrical peaks. The gel shift moves the peak to the right.
Unshifted LCP bands create peak shoulders on the shifted bands. Most of the LCP band is shifted
in these samples. The SCP doublet produces one shifted band. The upper shifted band is overlaid
onto the lower unshifted band, so it cannot be seen.
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Figure 2.S4: Samples Purified in MP, Samples purified in MP are shown above. The LCP mutant
is on the left and the SCP mutant is on the right. Pairs of samples were incubated with (+DTT) or
without (-DTT) DTT in the sample buffer. The densitometry for the gels is below each pair of
samples. The –DTT sample is shown above the +DTT sample. Samples incubated with DTT in
the sample buffer have symmetrical peaks. The gel shift moves the peak to the right. Unshifted
LCP bands create peak shoulders on the shifted peaks. Most of the LCP peak is shifted in these
samples. The SCP doublet produces one shifted band. The upper shifted band is overlaid onto the
lower unshifted band, so it cannot be seen.
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3.1 ABSTRACT

The assembly of plasmonic nanoparticles with precise spatial and orientational order may
lead to structures with new electromagnetic properties at optical frequencies. The directed selfassembly method allowed control of the interparticle spacing and symmetry of the resulting
nanometer-sized elements in solution. Here, the self-assembly of three-dimensional (3D),
icosahedral plasmonic nanosclusters (NCs) with resonances at visible wavelengths was
demonstrated. The NCs consist of twelve gold (Au) nanospheres (NSs) attached to thiol groups at
predefined locations on the surface of a genetically engineered cowpea mosaic virus (CPMV)
with icosahedral symmetry. Using in situ dynamic light scattering (DLS) measurements we
confirm the NSs to be assembled on the virus. Transmission electron microscopy (TEM)
confirmed the ability to control the nanoscopic symmetry of the bound NSs to reflect the
icosahedral symmetry of the virus. The experimental bulk absorbance from aqueous suspensions
of NCs and reproduced the major features of the spectrum using 3D finite-element simulations
was demonstrated. The fully assembled NCs gave rise to a 10-fold surface-averaged enhancement
of the local electromagnetic field.
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3.2 INTRODUCTION

The ability for metamaterials to tailor the interactions of electromagnetic fields and
matter, enabling unique optical properties (75, 76), makes them exciting candidates for disruptive
technologies, such as sub-wavelength resolution imaging and transformational optics (77, 78). It
has been predicted that a collection of six nanospheres (NSs) arranged with a cubic symmetry
may constitute an optical magnetic metamolecule (79, 80). The effectively isotropic, spherical
geometry of the six NSs is equivalent to six split-ring resonators (79, 81, 82), providing the
magnetic dipole moment at optical frequencies. However, significant fundamental assembly
challenges exist to develop materials exhibiting these exotic properties (83-86). Traditionally,
various top-down lithographic techniques (75, 87-89) have been used to produce nanostructures.
Typically, the processes are expensive, producing predominantly 2D fixed structures with limited
feature resolution. Conversely, bottom-up self-assembly approaches offer a powerful and simpler
route for creating metamaterials. Developing novel methods to assemble the nanoscale
constituents into the desired architecture remains a rich area of research.
Recent efforts to self-assemble plasmonic NCs have utilized silica or polystyrene spheres
as scaffolds for self-assembling gold nanoparticles on their surface (16, 86, 90). These approaches
result in random disordered assembly of the NSs with no precise control over the interparticle
distances. On the other hand, DNA-assisted assembly (91, 92) enables the control of the
interparticle symmetry of nanometer sized elements, but is low-throughput, is temperature
sensitive, and there is a significant limitation on the size of NS that can be used. The strategy was
to utilize the underlying symmetry of viruses to define the location of the NSs on the scaffold.
The availability of viruses with different sizes and symmetries, as well as the ability to genetically
engineer the position of the NS attachment made this a powerful approach to create the plasmonic
NCs.
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Cowpea mosaic virus (CPMV) is a well-characterized plant virus produced in gram
amounts (93) and previously used by us (94, 95) and others (96) for material applications. The
crystal structure of the approximately 30 nm diameter protein capsid is available at 2.8 Å
resolution (97). Its spectroscopic characteristics (98) and bioconjugation via its native groups (99101) and engineered thiols (102) is well characterized. In addition, stability over broad ranges of
temperature, pH, buffer, and organic solvents makes it amenable for its utilization for assembling
nanoparticles (103, 104). Finally, its icosahedral symmetry and well-established biochemistry
makes it a great candidate for the fabrication of an icosahedral nanocluster, where the NSs have a
well-defined interparticle spacings and positions within the nanocluster.
Previous reports using viruses (105) and protein viral components (106) as scaffolds to
organize nanoparticles showed promising results for assembling small size nanoparticles (< 10
nm) on the surface of the capsid (94, 103). However, the NSs were not of the adequate size to
significantly couple the near-fields. The symmetry of CPMV dictates that in order to create the
desired optical properties the NSs need to be comparable to the size of the virus (~30 nm). Here,
a self-assembled, isotropic, 3D, plasmonic NC comprising of a genetically engineered cowpea
mosaic virus (BC-CPMV) was demonstrated bearing covalently attached Au NSs, with diameters
comparable to the diameter of CPMV, at predefined locations to form icosahedral symmetry
between the NSs on the surface of CPMV. Using in situ dynamic light scattering (DLS)
measurements the NSs to be assembled on the virus was confirmed. TEM images verify the
nanospheres were at pre-defined locations on the virus’s surface. The absorbance from bulk
aqueous suspensions of NCs was measured and reproduced the major features of the spectrum
using 3D finite-element simulations.
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3.3 RESULTS AND DISCUSSION

A

B

Figure 3.1: BC-CPMV Structure, A, BC-CPMV protein structure (PDB:1NY7). The inset shows
the asymmetric subunit; in pink is a single cysteine (thiol containing amino acid) at the BC-loop
resulting in a total of 60 thiols per capsid. The dotted pink lines converge at the 5-fold axis of
symmetry. B, Representative dynamic light scattering spectrum at completion, t=36 hrs, for the
NC self-assembly reaction with 17 nm NSs (see supporting information optimization experiments
for nanoclusters (NCs) fabrication). The inset schematic depicts the NC self-assembly reaction.
CPMV was engineered to present cysteine groups (SH) at the BC-loop for a total of 60
thiols per capsid. The thiols were organized in groups of five each located at the 12 vertices of the
icosahedron (figure 3.1a). Covalently attaching Au NSs with diameters greater than ~15 nm to the
thiols allows for up to twelve NSs to attach to CPMV forming a pattern based on the 12 vertices
of the icosahedron where the NSs form NCs.
A schematic for the directed self-assembly reaction of the NCs is shown in figure 3.1b.
Au NSs ranging from 17 nm to 34 nm in diameter were attached to the virus (refer to the
supporting information for complete assembly details and data of all NCs built, supplemental
section BC-CPMV separation, Table 3.S2). Briefly, Au NSs are reacted with virus in 10 mM
potassium phosphate, 1mM EDTA at pH 6.0 for 36 h at room temperature. The reaction with 17
nm diameter Au NSs was monitored by dynamic light scattering (DLS), figure 3.1b. Initially at
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t=0 there was only one peak corresponding to the isolated Au NSs since they scattered more
strongly than the virus at the concentrations employed (see supplemental section-reaction
progress: Dynamic Light Scattering Study of the self-assembly). As the reaction progressed the
Au NSs began to bind to the thiol groups on the virus and the scattering peak from nanospheres
began to shift toward larger diameters. At approximately t=36 h the peak reached the expected
diameter, for the example provided in figure 3.1b, ~dCPMV + 2dNS = 64.5 nm.
Results from self-assembly optimization experiments (section-reaction progress:
Dynamic Light Scattering Study of the self-assembly) indicated that as the Au NS diameter
increased, >15 nm, the amount of the NSs attached to the virus decreased (figure 3.S4). The
manner in which the Au NSs were synthesized was found, and aged, and the quantity/type of
surfactant used to stabilize the NSs was critical to attach large diameter NSs to the virus. Au NSs
synthesized using Puntes method (107) resulted in the highest reactivity and NC quality. No
reliably large diameter commercial Au NSs capable of reacting with the virus were found,
presumably due to unknown/undisclosed surfactants or unknown NS age (figure 3.S2).
Post-reaction, the suspension was purified via agarose electrophoresis. Significant
amounts of unreacted free NSs were present in the suspension as expected, since a 20 x excess of
NSs were used for the reaction. Coupling thioctic acid (TA) to the unreacted NSs and NSs bound
to the capsid creates a negative surface charge on both the NCs and NSs, permitting separation
via electrophoresis. The free NSs migrate faster than the NCs under the influence of the electric
field, resulting in distinct population bands within the gel, figure 3.2a. These results were in
agreement with larger diameter NCs migrating slower than the smaller free NSs. (108) Separated
gel pieces were treated with β-agarase to recover the NCs and free NSs (figure 3.S7) from the
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Figure 3.2: Post-Reaction Nanoclusters, A, Image of a post-reaction suspension in the
electrophoretic agarose gel. The dark red band is free NSs (top) and the purple band is the NCs
(middle). B, Image of free NSs (left side) and NCs (right side) re-suspended in an aqueous
solution after gel purification. C, False-colored TEM image of an unstained NC with 18 nm Au
NSs attached. D, Model of a NC with 30 nm Au NSs attached and similar orientation to C.
The dotted black lines represent a 5-fold symmetry axis. E, Representative TEM images of NC
with 30 nm Au NS attached.
agarose gel. The resulting materials were re-suspended with Milli-Q water, washed twice using
100k molecular weight cut-off (MWCO) centrifugation units and were used for DLS, TEM, and
spectroscopy measurements. The polydispersity = σ2/d as measured by DLS, where σ is the
standard deviation and d is the mean diameter, was typically much less than 10% indicating
modest NC monodispersity.
Figure 3.2b shows the free Au NSs and NCs suspended in aqueous buffer, placed into a
10 mm optical path length cuvette, and imaged while backlit with white light. The free Au NS
suspension had a characteristic red color but the NCs were dramatically different with a dark
purple color. The particle number density for both suspensions was approximately 1011
[particles/ml] (based on UV-vis data, supplemental, Recovery of the BC-Au from agarose gels
section). Figure 3.2b demonstrates the feasibility for this self-assembly strategy to produce bulk
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Figure 3.3: Calculated Absorbance Spectra, A, Calculated absorbance
spectra for the NCs as a function of the number of 30 nm diameter Au
NSs attached (1-12) to the virus. B, Calculated normalized absorbance
spectra for an isolated 15 nm diameter Au NS (red), NC with twelve
15 nm diameter Au NSs (cyan) and twelve 30 nm diameter Au NSs
(purple).
quantities of NCs. For example, assuming that there were 1011 NC/ml and twelve 30 nm diameter
Au NS attached to the virus, there was approximately 4 µg/ml of NC material.
A false-colored TEM image of a NC (built with 18 nm diameter NSs) demonstrating the
positioning of the NCs at most of the twelve icosahedral vertices (figure 3.2c). A structural model
of the NC is shown in figure 3.2d (discussed below) and was in good agreement with the TEM
images in figure 3.2e, demonstrating that the NSs were bound at the thiol groups as postulated
since they show 5-fold symmetry. The virus inside the NC was not imageable, even after staining
with uranyl acetate (2%), in the TEM images, presumably due to the large contrast between the

51
virus and the Au NSs. If virus was not added to the self-assembly reaction no NCs were observed
in the DLS, agarose gel, and TEM data. The free Au NSs after agarose purification were imaged
with the TEM and no NSs out of plane (3D) or NS groups with 5-fold symmetry were observed
(figure 3.S7) and no evidence of NCs was observed in DLS (figure 3.S6b). Figure 3.2e shows a
number of TEM images of NCs (built with 30 nm diameter NSs) providing a representative
sample distribution.
The NCs simulations were constructed by initially having one NS attached at the north
pole of the virus. The north pole was designated as the center NS in figure 3.2d. The next NS was
placed in a nearest neighbor position until the northern hemisphere had all six NS attached. The
southern hemisphere was filled in the reverse order with the south pole being the last NS
attached. The northern and southern NSs were slightly offset, breaking the icosahedral symmetry,
to better represent the experimental TEM, absorbance, and crystallographic CPMV data (97)
(Table 3.S1). Using the NC structure shown in figure 3.2d, 3D finite-element simulations were
undertaken using COMSOL Multiphysics 4.3a (supplemental section finite-element simulations)
to retrieve the absorbance spectrum for the NCs in an aqueous suspension for direct comparison
to experiments. The calculated absorbance spectra for the NCs as a function of the number of 30
nm diameter Au NSs attached (1-12) to the virus is shown in figure 3.3a. Once the NC has 50%
(6) of the NSs attached a broad shoulder develops from 550-650 nm and an asymmetric ‘Fanolike’ peak emerges at 685 nm due to the slight icosahedral symmetry breaking. (109, 110) As the
number of NSs attached to the CPMV increases the absorbance peak from the individual NSs at
518 nm broadens and redshifts to 537 nm for the fully assembled (12 NS) NC (figure 3.3a, purple
line).
Figure 3.3b shows the calculated normalized absorbance spectra for an isolated 15 nm
diameter Au NS (red), NC with twelve 15 nm diameter Au NS (cyan), and NC with twelve 30 nm

52

A

B

Figure 3.4: Experimental Absorbance Spectra, A, Experimental bulk
absorbance spectrum for NCs (purple) with 30 nm diameter Au NSs
attached to the virus and isolated 30 nm diameter Au NSs (red) in an
aqueous buffer solution. B, Normalized absorbance spectra comparing
the experimental (purple) and averaged simulation (black) from 30 nm
diameter Au NSs attached to the virus forming the NCs.

diameter Au NS (purple). For the case of the 15 nm NC, the interparticle distance between the
NSs was 7.90 nm, approximately one radius, leading to only weak near-field coupling resulting
in small shifts in the absorbance spectrum relative to the isolated 15 nm NSs. (111) The 30 nm
NCs however have interparticle gaps of 0.79 nm, providing significant near-field coupling and
enhancements between NSs giving rise to large changes to the absorbance spectrum.
The bulk experimental absorbance spectra from isolated 30 nm diameter Au NSs (red)
and NCs (purple) with 30 nm diameter Au NSs attached to the virus in aqueous suspensions were
shown in figure 3.4a (also see figure 3.S6). The NC absorbance changes significantly from the
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isolated NSs. The absorbance peak from the individual NSs at 524 nm slightly red-shifts to 535
nm going from the isolated NSs to the NCs. This was in agreement with the calculated shift from
518 nm to 537 nm. The absorbance peak also broadens with a quality factor, λ! Δλ, decreasing
from approximately 5.8 to 1.9. From 550 nm to 675 nm a broad shoulder develops in the NC
absorbance spectrum. There was also the emergence of another reproducible but small
peak/shoulder at 675 nm. The broadening of the peak was attributed to the polydispersity of the
NCs. The NC populations were estimated to have on an average at least 50% NS coverage postpurification from TEM results and experimental absorbances.
To compare the experimental results with the simulations the five spectra from figure
3.3a were averaged, weighting each spectrum equally, to approximate the experimental NC
distribution. The normalized simulated (black) and experimental (purple) absorbance spectra for
NCs with 30 nm diameter Au NS attached to the virus are presented in figure 3.4b. The
absorbance peak from the individual NSs in the NCs occurs at 535 nm and 537 nm for the
experiment and simulation, respectively. Both spectra show a broad shoulder developing around
550 nm and continuing to 675 nm for the experiment and 650 nm for the simulation. The small
peak/shoulder emerging at 675 nm from the experimental spectrum was at the same position as
the fully assembled simulated NC, figure 3.3a, with the ‘fano-like‘ resonance peak emerging at
685 nm. Based on the simulations, the peak at 685 nm occured as a result of at least 50% (6) of
the 30 nm diameter NSs being assembled on the virus, see figure 3.3a, in agreement with TEM
results, figure 3.2e, and DLS measurements. The simulated spectrum also showed a rapid
decrease in the absorbance from 650 nm to 1000 nm and experimentally a boarder absorbance tail
continues beyond 675 nm. Overall, the quality factor for the experimental absorbance peaks
decreased with respect to the simulation results. The broadening of the peaks observed in the NC
absorbance measurement may be partially explained by the size distribution, interparticle
separation/placement, and number of NSs attached to the virus. Despite these issues, the major
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features of the experimental absorbance spectrum (535 nm peak and 675 nm peak/shoulder) were
well predicted by the model.
Figure 3.5a compares the magnitude of the electric field averaged over the surface of the
one (red) and twelve (purple) 30 nm diameter Au NSs attached to the virus. The surfacedaveraged electric field was approximately unity for the single NS attached to the virus with a
slight increase around resonance at 520 nm. For the fully assembled NC (12 NS) the close
proximity between the NSs on the virus, 0.79 nm, gave rise to large ~10-fold enhancements of
the local electromagnetic fields through near-field coupling, though the electric field maxima
were several orders of magnitude larger than the surface average. Figure 3.5b showed an intensity
map of the magnitude of the electric field on a plane slicing orthogonally through one of the

Figure 3.5: Calculated Electric Field Distributions, A, Calculated surface-averaged electric fields
for twelve 30 nm diameter Au NSs attached to the virus (purple; fully assembled NC) and one 30
nm diameter NS attached to the virus (red). B, A plane slicing through the fully assembled NC
showing the electric f
ield distributions. C, Calculated surface-averaged magnetic fields for the fully assembled NC
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(purple) and one 30 nm diameter NS attached to the scaffold (red). D, A plane slicing through the
fully assembled NC showing the magnetic field distributions.
5-fold symmetry axis of the NC at 700 nm. The coupling of the near-fields produced a
displacement current circulating around the 5-fold symmetry axis of the NC, inducing a magnetic
response. (79)
The magnitude of the calculated magnetic field averaged over the surface of the one (red)
and twelve (purple) 30 nm diameter Au NSs attached to the virus is shown in figure 3.5c. For the
single NS attached to the virus there was nearly no response, although there was a non-unity
offset and small dip around 520 nm that was not well understood. However, for the fully
assembled NC there was a significant magnetic response to the impinging field, relative to the
single NS attached to the virus, demonstrating the feasibly for these NCs to provide a magnetic
response at visible frequencies. Figure 3.5d shows the intensity map of the magnetic field on a
plane slicing through the center of the NC at 720 nm, demonstrating a magnetic ‘hot-spot’ at the
center of the NC.
An open-ended question is the experimental realization of a magnetic response from
these NCs at visible frequencies. Based on simulations and recent reports (112) the magnetic
response of the NCs was very sensitive to the positioning of each NS. The fundamental
challenges to self-assemble and measure the magnetic response from bulk NC ensembles at
visible wavelengths were anticipated. In pursuit of this objective, future experiments will focus
on measuring the optical response from individual NCs and comparing them with the bulk NCs in
solution.
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3.4 CONCLUSIONS

A self-assembly strategy to create 3D, icosahedral plasmonic NCs was demonstrated. In
situ dynamic light scattering experiments confirm the NS-virus assembly. TEM images
demonstrate the NSs to be assembled at fixed locations on the icosahedral virus’s surface. The
bulk absorbance from aqueous suspensions of NCs were measured and reproduced the major
features of the spectrum using 3D finite-element simulations. Furthermore, because the viruses
are easily produced in gram quantities the self-assembly process is capable of high-throughput,
providing a strategy to realized macroscopic quantities for metamaterial applications.
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3.6 SUPPORTING INFORMATION

3.6.1 MATERIALS AND METHODS

All chemicals were reagent grade or better used as received from USA sources listed
below. Deionized water (18.2 MΩ⋅cm) was prepared by passing water through an Elix 5 Milli-Q
®

Plus Ultra-Pure Water System (Millipore Corp.). All buffers were filtered sterilized using a
Nalgene filter 0.45 µm pore size for sterilization. For the purpose of the supporting information
we denote gold nanoparticles as Au-NPs or simply nanospheres, NSs. Cowpea mosaic virus is
classified as biological safety level 1 (BSL-1). The institutional requirements include usage of
protective clothing and gloves during manipulation of the samples. All solid waste was disposed
as biohazard and liquid waste treated with 20% bleach and treated as hazardous waste.

Nanoclusters (NCs) assembly and purification

Synthesis of gold nanoparticles: Preparation of 60 mM sodium citrate (SC)
0.9 g of sodium citrate tribasic dihydrate (294.1 g/mol; Sigma-Aldrich, St. Louis, MO)
was mixed with 50 ml of Milli-Q water in a Falcon tube. Depending on the age of the water used
the pH of the sodium citrate solution may change over time affecting the resulting size of the NS.
(113) Several experiments were performed and the optimum SC solution was the one prepared
one day before Au-NP synthesis with Milli-Q water pH ~ 6. (Milli-Q water stored in a sealed
glass bottle at room temperature (RT) for more than a week). Upon dilution of the 60 mM SC
solution (pH 8.3) to 2.2 mM with Milli-Q water, the pH of the resulting SC solution was
measured as 7.3.
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Synthesis of NS, Inverted method
Puntes method (107) was slightly adapted for this application. Specifically, 5.5 ml of 60
mM sodium citrate was diluted to 2.2 mM in a final volume of 150 ml with Milli-Q water in a
round bottom flask equipped with Teflon stir bar and a condenser (closed system to avoid
evaporation). The solution was heated for 15 min using a stirrer and upon boiling, 1 ml of 25 mM
hydrogen tetrachloroaurate (III) in water was added (HAuCl4 · 3H2O: Sigma-Aldrich St. Louis,
MO; 25 mM stock solution was aged for more than one month at RT in the dark prior to use).
After 10 min boiling, the color of the solution changed from yellow to gray to pink. The
temperature was decreased to 90°C after which 1 ml of the RT 60 mM sodium citrate was added
and stirred for 2 min, then 1 ml of HAuCl4 25 mM was added to the mix. The solution was stirred
vigorously at 90°C for 30 min. The resulting Au NS dispersion was cooled down at RT overnight.
For long term storage the NS dispersion was kept in the dark at 4°C. The NS dispersion was aged
for at least one week prior to reactions with BC-CPMV. NS size was determined by DLS and
TEM and the concentration in particles/ml was determined from its absorbance at 525 nm by
using a calibration curve prepared with NS controls of known concentration.

BC-CPMV preparation
BC-CPMV was supplied by John E. Johnson’s laboratory at The Scripps Research
Institute. All reagents were purchased from Thermo Fisher Scientific, Waltham, MA unless
otherwise specified.
BC loop cysteine mutant CPMV was cloned and inoculated into plants as described by
Wang et al. 2002. (99) Mutant CPMV was propagated by grinding infected tissue with
diatomaceous earth and lightly rubbing the lysate onto seven-day old plants. Infected leaves were
harvested and frozen at -80°C two weeks post-inoculation.

59
The reactive cysteine mutant particles were prone to irreversible precipitation, therefore it
was important to do each step as quickly as possible and to keep the samples at 4 °C throughout
the purification. Frozen tissue was crushed by hand and blended in a Warring blender (Warring,
New Hartford, CT) in virus buffer, 0.1 M NaPO4 pH 7.0 with 10 mM DTT (dithiothreitol (DTT),
Akron Biotech, Boca Raton, FL). The whole cell lysate was centrifuged for 15 minutes at 10,000
g to pellet insoluble plant tissue. The supernatant was filtered through cheese cloth and 0.7 times
the volume of 1:1 chloroform:butanol was added and stirred for 30 minutes. The mixture was
centrifuged at 10,000 g for 15 minutes and the top aqueous layer was collected. BC-CPMV was
precipitated by adding 20% PEG 6,000/1M NaCl to the aqueous layer to reach a final
concentration of 5% PEG 6,000/0.25 M NaCl in the solution. The mixture was incubated at 4°C
for 30 minutes followed by centrifugation (30 min, 15,000 g, and immediately resuspended in
virus buffer. The pellet containing BC-CPMV was resuspended in virus buffer and centrifuged
again at 20,000 g for 15 minutes to remove insoluble material. The supernatant virus was pelleted
in an ultracentrifuge at 45,000 rpm in a 50.2 Ti rotor (Beckman Coulter, Inc., Brea, CA) for 2.5
hours and immediately resuspended in the virus buffer. The BC-CPMV solution was then loaded
onto a 10-40% w/v sucrose gradient and spun at 28,700 g in a SW 32 Ti rotor (Beckman Coulter,
Brea, CA) for 2 hours. Visible BC-CPMV bands were collected into sterile tubes and stored at
4°C. The concentration of virus was kept near 0.5 mg/ml to prevent aggregation. The
concentration of BC-CPMV was determined from the absorbance peak at 260 nm ((absorbance at
260 nm)/8 = concentration of virus in mg/ml) (114).
CPMV stability and aggregation was analyzed using a superpose 6 10/300 GL
chromatography column on an AKTA purifier (GE Healthcare, Piscataway, NJ.) Roughly 100 µg
of each sample was diluted to 500 µl and filtered using 0.22 µm spin filters (EMD Millipore,
Billerica, MA) prior to running at 1.0 ml/min with a 0.1 M sodium phosphate buffer pH 7.0
(without DTT) mobile phase.
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For long term storage BC-CPMV was stored at 4°C at concentrations of 0.2-0.5 mg/ml in
10 mM DTT, 10 mM sodium phosphate buffer, 140 mM NaCl, pH 7.2, 15% sucrose as a storage
buffer. Just before the reaction with NS, 100 µl of 0.25 mg/ml BC-CPMV (in the storage buffer)
was diluted up to 1.5 ml with 10 mM potassium phosphate (KP), pH 6.0. The solution was
filtered via a syringe filter (0.2 µm, 25 mm PES-polyether sulfone membrane, Fisher Scientific,
Pittsburgh, PA). Then 1.5 ml of filtered BC-CPMV was loaded in a pre-packed Hi-Trap Desalting
Column (GE Healthcare Biosciences, Piscataway, NY) pre-equilibrated in 10 mM KP pH 6.0.
The flow through was discarded and the BC-CPMV was found in the first 1.5 ml elution and
concentration determined by its absorbance at 260 nm.

NSs and BC-CPMV reaction
(From this point on BC-CPMV will be simply referred as BC.)
A 40 ml aliquot of NSs (3 x 1011 particles/ml) prepared by the inverted method
(supplemental section - synthesis of gold nanoparticles) was concentrated to 600 µl using 100 k
MWCO concentrators (Amicon Ultra-15, Fisher Scientific) by centrifuging at 4,000 rpm for 2
min at RT (Eppendorf Centrifuge 5810 R equipped with a swing-bucket rotor). In this example
1171 µl of the NSs filtrate (recovered after concentration) was mixed with a solution containing
200 µl of 100 mM KP pH 6.0, 4 µl of 500 mM EDTA pH 6.0, and 25 µl of 0.02 mg/ml BC (from
Hi-Trap column in 10 mM KP pH 6.0). The concentrated NSs (600 µl) dispersion was added to
the solution containing BC in 50 µl increments with manual mixing by inverting the tube between
additions. The reaction was incubated at RT in the dark for 36 h.
Basic water was prepared by adding µl amounts of 2 M KOH to Milli-Q water. The
optimum working pH was between 8.5-9.0. To 2 ml of basic water in a 20 mL glass vial
containing a Teflon stir bar, 10 µl of 20 mM thioctic acid (TA, Fisher Scientific; dissolved in 8:2

61
v/v ethanol: water) was added. The contents were stirred vigorously using a magnetic stirrer. The
reaction mixture was added slowly to the stirred basic water/TA mix in 100 µl increments and
stirring was continued at RT for 4 h. The reaction mix after TA treatment was stored overnight at
4°C. The next day, 200 µl of 10 x Tris-borate-EDTA buffer (10 x TBE: 890 mM Tris, 890 mM
boric acid, 20 mM EDTA (pH 8.0)) were added to the reaction mix and concentrated to 500 µl
using the 100 k concentrators. A 50 µl aliquot of 50:50 v/v glycerol in water was added and 60 µl
of the mixture were loaded per well into a 1% low melting agarose/1x TBE electrophoresis gel.
The gel was run at 100 V until a clear separation between the free NSs and BC-Au bands was
achieved. This was seen visually without the need of staining the gel since the NSs had a distinct
red color.

Recovery of the BC-Au from agarose gels.
Based on the method suggested by the β-agarose manufacturer, New England Biolabs
The BC-Au bands were cut from the gel (~200 mg gel/band) and transferred to a 2 ml
Eppendorf tube. Gel pieces were equilibrated in 10 mM Bis-Tris, 1 mM EDTA, pH 6.5 buffer by
adding 400 µl the buffer and incubating for 30 min at RT. (This was done 2x and buffer was
discarded after each incubation). After buffer equilibration, the agarose was melted at 70°C for 5
min. The agarose was cooled down to 42°C for 10 min, after which 2 µl of β-agarase enzyme
(1000 units/ml, New England Biolabs, Ipswich, MA) were added and mixed gently. The
enzymatic reaction was carried at 42°C for 4 h followed by an overnight incubation at RT. After
digestion, the mixture was stored at 4°C until ready to use. Prior to characterization the digested
agarose was washed with Milli-Q water 2x using the 100 k centrifugation filters to remove any
agarose residue and to exchange to water prior to UV-vis, DLS, and TEM characterization. For
negative controls, a similar procedure was used to recover free NSs from corresponding gel
pieces. Free NSs were characterized as well via DLS, TEM, and UV-vis spectroscopy. Number of
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particles per ml in NCs and free NSs was calculated from UV-vis data using calibration curves.
Calibration curves from control NSs were used as described in section-synthesis of gold
nanoparticles. The contribution of the BC to the plasmon peak in NCs wa minimal therefore,
calibration curves were considered to be valid.

Dynamic light scattering (DLS)
Dynamic light scattering (DLS) measurements were performed in a Brookhaven
Instrument (ZetaPALS 90Plus/BI-MA). Data acquisition included five replicate measurements
per sample for subsequent averaging of measured hydrodynamic diameters in 3 ml volume
cuvettes (4 clear sides and 1 cm path-length plastic cuvettes). Data was reported as the relative
intensity of the species of different sizes present in the solution.

Transmission electron microscopy (TEM)
The samples were prepared by placing a 10 µl drop of the suspension onto a SPI 200
mesh holey-carbon Cu TEM grid for 2 min. The drop was then wicked off and the sample was
allowed to dry for 2 hrs. The TEM imagery was done using a JEOL JEM-2200FS field emission
electron microscope.

Spectroscopic Characterization
Absorbance measurements were carried out using unpolarized white light from a light
source (OceanOptics DH-2000) passing normally through a 10 mm optical path length cuvette.
The transmitted light was collected with a 400 µm core diameter fiber optic cable connected to a
spectrophotometer (OceanOptics USB4000). A Cary5000 (Agilent Technologies, Santa Clara,
CA) equipped with a NIR detector was used as well for absorbance measurements.
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3.S1.5. Finite-element simulations
Three-dimensional finite-element simulations were undertaken using COMSOL
Multiphysics 3.3a. Gold NSs, with refractive indices interpolated from the literature, (115) were
placed at the coordinates of the virus’s surface determined from crystallographic measurements of
the capsid (table 3.S1). The nanocluster was enclosed in a unit cell with periodic boundary
conditions and suspended in an aqueous buffer. The unit cell was probed with unpolarized light
and the absorbance was calculated directly from the S21 coefficient. If a sphere representing the
virus was placed at the center of the NC, only small differences in the resulting absorbance
spectrum were found.
Table 3.S1: The positions for the 30 nm diameter NS on the virus (nm).
x

y

z

20.15

15.86

-17.65

-19.59

-16

16.91

24.1

-14

-12.96

-24.4

13.99

12.9

-11.32

25.42

-13.35

12

-23.82

14.33

27.98

3.79

11.36

-27.97

-4.14

-12.1

-4.78

-28.32

-10.98

6.5

27.11

11.59

1.76

3.15

30.74

-1.43

-3.65

-30.13

64
3.6.2 RESULTS AND DISCUSSION

BC stability and purity assessment
Size exclusion chromatography (SEC) was performed to analyze aggregation and virus
stability (figure 3.S1). Wild type CPMV and two preparations of BC were made and stored at
concentrations below 1.0 mg/ml. CPMV peaks in the chromatograms were identical for 22 and 99
day old samples. Retention times and peak shapes were similar for all three virus preparations
ndicating that the BC was stable for 99 days while kept in the storage buffer at 4°C.

Figure 3.S1: BC-CPMV SEC Chromatograms, The chromatograms of 99 day (orange) and 22
day old (blue) BC and wild type (WT) CPMV (black) are shown. Retention times and peak
shapes were similar for all three virus preparations.
Optimization experiments for Nanoclusters (NCs) fabrication:
Based on previous experience attaching NSs to CPMV similar reaction conditions that
were successful in the past with a commercial NS source were used. (103) The first reactions with

65
10 nm diameter NSs and 15 nm NSs resulted in capsids half way covered (50% yield, figure
3.S2). There was no indication of a red shift in UV-vis spectroscopy (figure 3.S2C) for these
materials. For optimization purposes NS/BC ratios (120, 240, 600, and 2400 NS/virus), pH (4.5
to 7.0), temperature (RT, 37°C, and 42°C), buffer concentration (8.7, 10, 16, 27.8, 43, 50, and
100 mM) and buffer type (2-(N-morpholino)ethanesulfonic acid (MES), KP, and citrate) were
varied in separate experiments using agarose electrophoresis as the tool to determine

Figure 3.S2: BC-10 and Free NCs, Nanoclusters (BC-Au or NCs) built with commercial NS. 10
nm diameter NS from Ted Pella was coupled to BC using a 20 x excess of NS in the reaction mix
in concentrated condition (NS 10 x concentrated) in 10 mM 10 KP pH 6.0 1 mM EDTA and TA
treatment and agarose gel purification same as described in supplemental section-nanoclusters
(NCs) assembly and purification. A, Agarose electrophoresis (gray scale): band (1) corresponds
to BC-Au nanocluster while band (2) corresponds to NSs 10 nm in diameter. B, TEM of NCs
showing 3D structures with < 50% Au NS coverage. C, UV-vis spectroscopy of purified NCs and
free NSs; no plasmon band shift was observed. D, NC built using15 nm diameter NS from
commercial source. Limited NS coverage was noted. E, Agarose gel electrophoresis of an
aggregated sample, which stays very close to the well in comparison to the free NS.
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success. An example of success is shown as band 1 in figure 3.S2A, i.e., a new nascent band
containing NSs at the known position for the BC due to the formation of the nanoclusters (NCs).
The optimum NS/virus ratio was determined to be 240 (20 x excess where 12 NSs/capsid
corresponds to 1x). The best buffer conditions were 10 mM potassium phosphate pH 6.0 at RT.
NS binding to the capsid was optimal when the NS dispersion was concentrated prior to reaction
such that a 20 x NS level occurred in the final reaction mix. Higher concentrations of NS (> 1013
particles/ml) promoted massive aggregation, shown as a band that stays in the well (figure 3.S2E)
during electrophoresis.
The fashion in which the virus binding reaction was performed was explored as well. An
inverted method to mix the components was tested (i.e., add NSs to a pre-diluted virus in 10 mM
KP pH 6.0, 1 mM EDTA as opposed to adding the virus to the concentrated NS dispersion), and
the inverted method gave better results than adding the virus concentrated (0.02 mg/ml) to the NS
mix. After the reaction was completed the capping agent thioctic acid (TA) was pre-diluted in
basic water (pH 8.5-9.0) and stirred constantly using a magnetic stirrer during the addition of the
reaction mix to the TA/basic water mix. Pre-dilution of the TA was critical for avoiding the
aggregation of the assemblies. Adding TA concentrated (20 mM) to the reaction mix tended to
promote aggregation.
Electroelution (108) was to recover the NC for purification purposes, but this gave
samples that were not clean enough for analysis. As an alternative, β-agarase to break down the
agarose was used prior to the recovery of the NC. The recovery of the NC using β-agarase was
more efficient, since all NCs were recovered from the gel band, and cleaner in comparison to the
electroelution.
However, the assemblies needed for the application were still not complete, since the NSs
were not large enough. Based on the COMSOL simulation the best candidates were identified as
BC assemblies decorated with 30 nm NS. When commercial 30 nm NS dispersions were tested at
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the optimum reaction conditions determined for the smaller NS, not much coverage was
achieved. Therefore, NSs synthesized in-house was tested. Two methods were used: the
conventional (116) and the Puntes (107) method. Both methods gave us better reactivity in
comparison to the commercial NS dispersions (SPI, Ted Pella, Nanopartz). Results using the inhouse conventional method gave us encouraging results (figure 3.S3), but the size of the NS

Figure 3.S3: Conventional NS NCs, NC built with in-house conventional NS. 17 nm diameter
NS synthesized by the conventional method and coupled to BC using a 20 x excess of NSs in the
reaction mix in diluted condition (NSs not concentrated) without any addition of buffer nor
EDTA. TA treatment and agarose gel purification same as described in supplemental sectionnanoclusters (NCs) assembly and purification. A) Agarose electrophoresis (gray scale): band (1)
corresponds to NC while band (2) corresponds to NS 17 nm in diameter. B) TEM of NC showing
3D structures. C) DLS of reaction mix at end point. Free NS is centered at 17 nm while the NC is
centered at 75 nm.
synthesized by this method (17-20 nm) was not large enough for the target NCs. Using the
Puntes method synthesized larger and near monodisperse NSs. In addition, the NSs resulting from
this method were the most reactive toward the virus from the all tested NSs (Table 3.S2). It is
important to mention that even though not all the characterization data (TEM, electrophoresis,
UV-vis) is shown here for all the NCs prepared, representative data throughout the SI and the
main text was presented. As shown in Table 3.S2 no major differences were noted in the
absorbance spectrum between the NCs built with 30 nm Au Ns (discussed in the main text) and
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the example using 34 nm Au NSs (figure 3.S6) therefore, it was not necessary to show all the data
for both NCs (Table 3.S2: BC-30 and BC-34) but representative data to support the claims.

Reaction progress: Dynamic Light Scattering Study of the self-assembly
DLS was used to monitor the reaction progress during optimization experiments. It was
determined that the final NS concentration and excess of NSs was critical for the improved
reactivity of the BC toward the NSs. Small scale reactions in which the NS dispersion was added

Table 3.S2: UV-vis spectroscopy features of various NCs.
NS source

Nanocluster

Plasmon

Plasmon

Broad Band

or method

Typea)

Free NSs

Nanocluster

Commercial, SPI

BC-10

518 nm

519 nm

No band

Conventional

BC-17

520 nm

526 nm

No band

Inverted

BC-18

523 nm

529 nm

Yes

Inverted

BC-24

523 nm

534 nm

Yes

Inverted

BC-30

524 nm

536 nm

Yes; shoulder

Inverted

BC-34

526 nm

537 nm

Yes; shoulder

a)

BC-## denotes for a nanocluster fabricated with BC and Au-NPs of diameter ## nm
(ex: BC-10 was built with 10 nm diameter Au NSs).
in a titration fashion up to 1x (NS:BC ~12:1) indicated that the NSs did not react further upon
addition of more NSs. TEM data showed only incomplete clusters bearing 2-3 NSs per virus.
Therefore, the possibility of using a titration to produce NCs without the addition of an excess of
NSs in the reaction mix was discarded.
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For the purpose of this discussion, the resultant product was evaluated based on the
increase of the particle size at the maxima of the DLS. A series of experiments using various
concentrations of EDTA were monitored by DLS. The addition of EDTA up to 5 mM increased
the reactivity of the NSs (figure 3.S4). By comparing the size of the NC without EDTA it was
determined that the 34 nm NS dispersion was the least reactive of all three NS dispersions since
not much change was observed for the NC size after 48 h without EDTA (figure 3.S4E). In
contrast, the 18 nm and 24 nm NSs showed some reactivity toward the virus even without EDTA
(figure 3.S4A and figure 3.S4C), though NCs having the requisite 12 NS/capsid were not fully
formed. This trend was observed before with the commercial NSs, in which the reactivity of the
NS decreases as its diameter increases. Reactions in which EDTA was present were more
successful relative to the ones without EDTA, since larger NCs were observed after 48 h reaction
(figure 3.4S (B, D, F). The final concentration for future preparations, 1 mM EDTA, was chosen
since 2 mM and 5 mM EDTA was detrimental to the NS dispersions over time, causing
aggregations. TEM data indicated that reactions ran in 1 mM EDTA produced the cleanest NCs in
comparison to the ones generated using 5 mM EDTA. EDTA was chosen as an additive based on
previous knowledge that it prevents di-sulfide bond formation in proteins.
The fashion in which the EDTA was added was important as well. The virus tended to
aggregate if stock solutions of the virus were exposed to 1 mM EDTA during Hi-Trap columns
purification. Also, addition of 500 mM EDTA directly to NS dispersions promotes aggregation of
NSs. Therefore, as described in the supplemental section NSs and BC-CPMV reaction, the EDTA
was mixed with the buffer and NS dispersion filtrate prior to the addition of BC.
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Figure 3.S4: EDTA DLS, DLS of reaction mix after 48 h in presence of EDTA. Reaction of BC
with various sizes of NS with and without EDTA. A, C, and E were the negative controls that do
not contain any EDTA in the reaction mix, while B, D, and F contain a final 5 mM EDTA in the
reaction mix. Addition of EDTA results in an improved reactivity resulting in NCs of the
expected sizes. Numbers on top of maxima indicate the size of the particles of most intensity.
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Figure 3.S5: DLS of Reaction Mix and Commercial NS, DLS of reaction mix of BC and
commercial NSs after 5 days. After 5 days, all reactions show particles of sizes larger than the
expected NCs. From left to right reaction mix with 10, 15, and 20 nm diameter NSs from a
commercial source (Ted Pella, Inc. Redding, CA).
In order to determine the optimum reaction time, the progress of the reaction was
monitored daily for 5 days via DLS. Longer reaction times (> 3 days) promoted aggregation
resulting in micron size particles (figure 3.S5). Series of experiments indicated that reaction times
> 36 h did not produced better NCs; therefore, the finite reaction time was set to 36 h.
Lastly, reproducible results using NSs larger than 20 nm for NC preparation were
obtained. These NCs (figure 3.S6) showed the expected band in agarose electrophoresis, band 1
(figure 3.S6A) while free NSs were in band 2. By comparing the intensity of bands 1 and 2 it was
concluded that 6% of the total NSs in solution were associated with BC. Imaging analysis was
performed using Image J version 1.47v of electrophoresis gels scanned in color using Adobe
Photoshop CS6. After purification of bands 1 and 2, samples were characterized by DLS and UVvis spectroscopy (figure 3.S6 (B, C, D). DLS data agrees with expected sizes for the free NSs
(major peak centered at 34 nm) and for the NCs (major peak centered at 77 nm; larger species
were present too). The UV-vis spectrum of the BC-34 (BC-Au prepared with 34 nm Au-NP)
shows the plasmon peak at 537 nm, which corresponds to a red shift in comparison to the free NS
peak at 526 nm (figure 3.S6D). A TEM image of purified BC-34 shows the corresponding
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Figure 3.S6: BC-34 NCs, BC-34 nanocluster characterization. A, 1% agarose/TBE gel of
reaction mix; band 1 corresponds to BC-34 and band 2 to free NSs. After purification of bands 1
and 2 samples were analyzed by DLS, B, a major DLS peak at 34 nm for free NSs. C, a major
DLS peak at 77 nm for BC-34. D, UV-vis spectroscopy of purified samples showing a red shift of
the major absorbance for the BC-34 in comparison to the free NSs. E, TEM image of a purified
BC-34 nanocluster.
nanocluster as a 3D structure with icosahedral symmetry. TEM images for negative controls (free
NS after agarose gel purification) were shown in figure 3.S7.
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Figure 3.S7: NS TEM, TEM images of free NSs as negative controls. A and B, 17 nm NSs
isolated from agarose gels after reactions, indicating that the sample processing does not affect
the quality of the nanoparticles, B is a higher magnification of A. Some areas of minor
aggregation were present that can be attributed to the drying process. However, no evidence of
well-organized 3D icosahedral structures like the ones found in the NC samples (figure 3.S6E) is
observed. Scale bar: 50 nm. C-F) free 30 nm NSs after purification from gels with no indication
of 3D structures; samples were diluted prior to imaging to avoid aggregation from the drying
process.
In conclusion, the fabrication of ~80 nm diameter icosahedral NCs using BC as a
scaffold were fabricated. The self-assembly process was done in bulk (i.e., 0.5 mg of HAuCl4 per
40 ml NS in reactions with BC, see supplemental section NSs and BC-CPMV reaction for details)
quantities in aqueous solution and at RT. Successful purification of intact NCs was confirmed by
various techniques (UV-vis spectroscopy, agarose electrophoresis, and TEM). Experimental data
agrees well with the simulations. It is important to note that coupling Au NSs to proteins was not
a generic process, but one for which meticulous optimization was required. Careful attention to
the use Au NSs that contain additives as stabilization agents was needed, since those additives
may limit noticeably the reactivity of Au NSs toward proteins.
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4.1 ABSTRACT

Fabrication of materials with localized surface plasmons allows for substantial increase in
sensitivity of chem/bio sensors. The main challenge for realizing complex nanoplasmonic
structures in solution is the high level of precision required at the nanoscale to position metal
nanoparticles in 3D. A virus-like particle (VLP) for building a 3D plasmonic nanostructure was
reported in solution in which gold nanoparticles were precisely positioned on the VLP by directed
self-assembly techniques. These structures allow for concentration of electromagnetic fields or
“hot spots” in the desired locations between the Au nanoparticles. The efficiency of the optical
field spatial concentration was measured, which resulted in a 10-fold enhancement of the capsid
Raman peaks. The experimental results agreed with the 3D finite element simulations.
Furthermore, it was demonstrated that the plasmonic nanostructures can be utilized in DNA
detection, while the protein peaks on the capsid serve as an internal tracer of the nanostructures.
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4.2 INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a surface-sensitive analytical technique
in which the Raman signal intensities of molecules adsorbed onto rough nanostructured noble
metal surfaces were significantly enhanced relative to free molecule signals (117). Since its
discovery in the 1970s (118), the technique has drawn increased attention due, at least in part, to
its utility as both a qualitative and quantitative analytical tool, the former by virtue of a species’
unique Raman spectrum and the latter by its potential to achieve spectral intensity enhancement
factors (EFs) appropriate for single molecule detection. The main challenge in realizing such
efficient SERS-active structures, of course, is the preparation of composite material architectures
exhibiting precisely localized plasmonic interactions. The requisite plasmonic structures are
ideally fabricated using noble metal nanoparticles (NPs), which are positioned on or in a
supporting inert dielectric structure with controlled nanoscale spacing in well-defined 2D or 3D
geometries. Such structures promulgate SERS activity via localization and concentration of
electromagnetic fields as “hot spots” between adjacent NPs, which facilitate Raman spectral
intensity enhancement.
The fabrication of SERS-active architectures has been realized by both “top-down” and
“bottom-up” approaches. Top-down approaches often utilize techniques such as e-beam
lithography, (119, 120) oblique angle deposition, (121, 122) metallization, (123, 124) and/or
etching, (125) among others, (126-128) in combination with wet chemistry to tune plasmon
resonance frequencies via NP shape (129) and composition (e.g., alloy or core-shell species)
modifications, (130, 131) to fabricate 2D SERS architectures on planar surfaces. Such
architectures can be fabricated over macroscopic length scales, with SERS EFs > 1013 and
attomolar analyte detection levels (132, 133) achieved for properly designed structures.
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In contrast, bottom-up approaches are dominated by templated self-assembly methods
more amenable to preparation of freestanding 3D SERS architectures capable of functioning as
mobile taggants, tracers, or probes. The simplest such architecture comprises 2 Au NPs connected
by a molecular linker (134, 135), though the presence of the linker in the hot spot between the
NPs can hinder analyte access. Fortunately, certain high symmetry biomolecules, such as DNA
(136, 137) and viral protein capsids (or genetically engineered derivatives thereof), (138, 139)
possess sufficiently stable 3D structures bearing surface functional groups capable of binding NPs
at precise locations with fixed NP−NP separation distances on their surfaces. NP binding at these
sites leads to nanoscale noble metal NP-biomolecule composites in which hindrance of analyte
access to the hot spots was minimized. Furthermore, these architectures are predicted to exhibit
orientation-independent plasmonic signatures (11, 136, 140, 141) due to their high symmetry and
are ideally sized for interaction with biological materials in vitro or in vivo and macroscopic
surfaces for SERS sensor fabrication.
Viral protein capsids (142, 143) were investigated as biotemplates for 3D
bionanocomposite fabrication for advanced optoelectronics and metamaterials applications (94,
144-148). Self-assembly of a “BC-nanocluster” (BC-NC) (149) comprising of Au NPs (ranging
from 17 nm to 34 nm) covalently bound to the surface of 30 nm diameter cowpea mosaic virus
(CPMV) protein capsid were recently reported. The composite exhibits multiple plasmonic
interactions among its bound Au NPs consistent with its icosahedral symmetry, with major
features of its bulk absorbance spectrum in good agreement with 3D finite-element simulation
predictions. Based on previous findings (149), 24-30 nm Au NPs were used to fabricate
nanoclusters (NCs) on virus-like-particles (VLPs) and comparing them to their BC-NC
analogues. The VLP capsid resembles the wild type (WT) CPMV (150) but it lacks the genetic
material (RNA) inside the capsid. The VLP was selected as an alternative scaffold based on its
similarity to WT-CPMV and its successful utilization in materials applications (151), (152). The
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SERS response for the two NCs was similar, paving the way for future use of hollow VLP-NCs as
nanoreactors for complex materials preparations and nanostructured 3D assemblies for SERS
analysis platforms.

4.3 RESULTS AND DISCUSSION

In previous work (149), genetically engineered BC mutant bearing 5 cysteine (Cys)
residues pentagonally oriented on each icosahedral face of the CPMV capsid (a total of 60 Cys
per capsid), facilitated covalent binding of Au NPs at the Cys thiol sites to self-assemble the BCNC. For the VLP capsids, however, a direct chemical approach was more amenable for
manufacture. Specifically, a direct reaction of naturally occurring lysines (Lys) on the surface of
the icosahedral capsid (153) with N-succinimidyl-S-acetylthiopropionate (SATP) (154, 155)
followed by hydroxylamine hydrolysis provided thiol groups for Au NP binding (figures 4.S1 and
4.S2). The resulting VLP-NCs exhibited a UV-visible absorbance spectrum similar to the BCNCs (figure 4.1a). In particular, both NCs in bulk solution exhibited plasmon absorption peaks
red-shifted in comparison to free Au NPs (figure 4.1a and figure 4.S1), together with a broad
band in the 600-675 nm region amenable for specific longitudinal surface plasmon (LSP)
excitation for SERS studies.
Dynamic Light Scattering (DLS) measurements (figures 4.1b and 4.1c and figure 4.S2)
further indicate that, as expected, both NCs were substantially larger than the Au NPs. It is
important to note that the size of the VLP-NC (major scattering peak centered at 78 nm) and the
BC-NC reported herein (major scattering peak centered at 76 nm) were very similar and in
excellent agreement with a reported size of 77 nm for previously prepared BC-NCs. (149)
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Figure 4.1: Characterization of Solution NCs, A, UV-Vis absorption spectrum of NCs after
purification vs. free Au NP treated by similar methods, data normalized relative to plasmon
peak. DLS of purified: B, BC-NC (major peak: 76 nm) and C, VLP-NC (major peak: 78 nm).
As expected the size of the NC was larger relative to the free Au NP (major peak: 37 nm),
yellow histograms plotted in b and c for comparison purposes.
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Figure 4.2: AFM of NCs and NPs, AFM imaging of NCs and Au NPs on mica-silane. A, 3D view
of BC-NCs deposited on mica-silane. B, Particle size distribution estimated by surface coverage
in image and its Gaussian fit. AFM images of individual C, Au NP, D, VLP-NC, and E, BC-NC
(scale bars = 50 nm). Note the presence of multiple Au NPs in the VLP-NC and BC-NC images
of parts D and E. F, Height profile of individual Au NP (yellow), VLP-NC (blue), and BC-NC
(red) along the lines shown in C, D, and E, respectively.

Furthermore, both the VLP-NC and BC-NC exhibited similar electrophoretic mobilities in
agarose gels (figure 4.S3), whereas the free Au NPs ran faster than the NCs as expected. These
results indicated that VLP-NCs and BC-NCs of equivalent size exhibiting similar bulk properties
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(149) could be reproducibly prepared as viable scaffolds for fabrication of nanoplasmonic
structures.
The structures of the VLP-NCs and BC-NCs were further characterized by AFM in air
following their immobilization on N-[3-(trimethoxysilyl)propyl]ethylenediamine (EDA) coated
mica (156) as shown in figure 4.2. Low resolution scans (figure 4.2a) revealed that the NCs were
well spread on the surface without indication of massive aggregation although some association
was present as shown in the particle size distribution (figure 4.2b).
At higher resolution, clear differences between the free Au NPs and the NCs were
observed. In particular, the height of the free Au NPs (i.e., ~24 nm, figure 4.2c) was significantly
less than that of the VLP-NCs (i.e., ~45 nm, figure 4.2d) and BC-NCs (i.e., ~50 nm, figure 4.2e),
as expected. This greater than 2-fold increase in size of the NCs and their cross-sectional shape
differences (figures 4.2f) compared to free Au NPs supported the presence of Au NPs bound to
the icosahedral viral capsids. Furthermore, the height profiles of Au NP and the NC’s as shown in
figure 4.2f indicate minor differences between the NCs. However, the sizes of the VLP-NC and
BC-NC measured by AFM on dried samples were smaller than the sizes measured by light
scattering (vide supra) of the NCs in aqueous solutions. These suggested some distortion of the
NCs, but not total collapse of the protein capsids during immobilization and drying consistent,
with recent observations noted for the VLP capsid in the absence of attached Au NPs (157). The
similarity in shape and size of the VLP-NCs and BC-NCs further indicates that the absence of
RNA in the VLP capsids does not materially affect the formation and stability of the VLP-NCs,
permitting use of the simpler fabrication protocols associated with VLP-NC assembly for future
work.
For the characterization of the plasmon properties and field enhancements of NCs, the
expected electric field distributions were first calculated based on the premise that the main
source of field enhancement by Au NPs involved the concentration of the electrical component of
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Figure 4.3: LSP in NCs, Location and intensity of LSP in NCs. A, Electric field distribution
around a single Au NP with diameter 30 nm and B, two 30 nm Au NPs separated by 5 nm. C,
Electric field profile between two spheres at the maximal field strength. D, Artistic simulation of
12 spheres’ NCs. E, Positions of the cross-sections depicted in F, and G. H, Electric field
distribution at the cross-sections corresponding to the widest part of the NC and G through top
three Au NPs. The incident light propagates perpendicular to the plane of the cross-section and
electric vector of 1 W/m is oriented along x. All calculations were done for air environment.

the optical field at specific locations around the NPs (158, 159). The calculations (see details in
supporting information) showed that the electric field around an isolated Au NP was highest at the
widest part of the NP, in agreement with previous computer simulations (160). For example, a 3fold field enhancement was predicted for a single 30 nm diameter Au NP (figure 4.3a), whereas a
pair of 30 nm diameter Au NPs separated by 5 nm was expected to exhibit an 8-fold enhancement
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concentrated in the region between the NPs (i.e., the hot spots located in red region of figure 4.3b
and peak in figure 4.3c). Because electric field enhancement was proportional to the square of
field strength, corresponding Raman enhancements of ~9-fold and 64-fold were expected,
respectively, for these structures.
Similar calculations performed for the BC-NCs (figures 4.3d-g) indicated that enhanced
fields occurred along lines connecting the centers of the Au NPs. Furthermore, in cases where the
electric field vector was not oriented parallel to the center line, field intensity was proportional to
the projection of the electric field vector onto it. Calculations of field profiles for each Au NP pair
in the BC-NCs (and structurally equivalent VLP-NCs) yield average predicted field
enhancements and energy (intensity) enhancements of ~7-fold and ~49-fold, respectively (table
S1, figures 4.3f and 4.3g). Note that calculations (1) apply to a NC system exposed to an oriented
(polarized) optical field (electric field vector) propagating normal to the NC, and (2) include
effects resulting from changes in the orientation of the electric field vector due to light scattering
by the NC at fixed total energy impinging on the NC. These conditions lead to a more
homogeneous field distribution, which minimized the potential effects of and contributions due to
local overheating at the NC surface.
Quantitative SERS experiments (figure 4.4) performed on individual NCs deposited onto
EDA-coated mica surfaces provided an effective means to test the predictions presented in figure
4.3 and table 4.S1. Although initial experiments led to qualitatively similar spectra for NCs
deposited onto 10 nm thick planar cysteamine-Au substrates (supporting information) and EDAcoated mica substrates, EDA-coated mica substrates (1) were selected to avoid any possible
interference from the Au substrate plasmon, (2) have an atomically flat substrate surface, and (3)
took advantage of naturally occurring mica Raman peaks as internal standards for quantitative
analysis of the NC systems’ behaviors. Samples were prepared by treating EDA-coated mica
substrates with aqueous dispersions containing different VLP-NC (or BC-NC) concentrations
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(Supporting Information) to control NC−NC separations, which were probed by optical
microscopy via light scattering from individual NCs. For the systems, the use of diluted samples
and analysis with a 100 × objective provided optimal spatial resolution, as well as laser focusing
and efficient light collection from individual NCs during subsequent SERS measurements was
best. It was important to note that AFM (figure 4.2) was used to characterize the samples just
prior to SERS experiment, ensuring sample quality at exactly the same conditions and surfaces
used for SERS detection. AFM topographic scans of samples used for SERS measurements
indicated the presence of 3−7 NCs in a 2 µm × 2 µm substrate area, corresponding to NC−NC
separations > 1 µm adequate for observation of single NC SERS signals using the instrument.
Figure 4.4a illustrates representative Raman spectra (785 nm excitation) of the VLP-NC
(blue spectrum, corresponding peaks in black text), BC-NC (red spectrum), and isolated Au NPs
(yellow spectrum, corresponding peaks in yellow text), as well as the underlying mica substrate
(green spectrum). Major peaks observed for the VLP-NC (empty capsids, figures 4.4a and 4.4b)
at 432, 555, 898, 967, 1004, 1077, 1145, 1270 1353, 1380, 1420, 1455, and 1498 cm 1 were
−

absent in the spectrum of the isolated Au NPs (figures 4.4a and 4.4c), indicating that these peaks
were associated with the capsid protein. These peaks were highly reproducible and identical to
those observed for the BC-NC (RNA-filled capsids, figures 4.4a and 4.4d). The lack of additional
peaks corresponding to efficient Raman enhancement of the RNA in the BC-NC spectrum further
supported the calculations indicating that the electromagnetic field required for Raman
enhancement was localized between the Au NPs (i.e., the hot spots) on the capsid surface.
Therefore, only the protein peaks were enhanced. The remaining peaks observed at 264, 410, 651,
703, and 760 cm 1 in the VLP-NC spectrum were identical to those observed for mica (green
−

spectrum, 4.4a), while the peak at 297 cm 1 appears to be associated with the Au NP (yellow
−

spectrum, figure 4.4a).
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Figure 4.4: Raman Spectra of NCs and NPs, Raman spectra of NCs, Au NPs, and BC on micasilane. A Raman spectra of VLP-NC (blue), Au NPs (yellow) and BC-NC (red) on mica-silane
surfaces. The spectra were collected from the individual bright spots shown in panels B, C, and
D, respectively. The spectrum of bare mica is shown in green. Optical images: B, VLP-NC, C, Au
NPs, and D, BC-NC on mica-silane showing bright spots of light scattering from Au NPs; scale
bar 10 µm. E, Raman spectra of BC without Au NPs (negative control) on mica-silane (red), the
same sample an area lacking BC (yellow), and bare mica-silane (green). The blue line represents
“pure” BC spectrum generated by subtraction of mica-silane from the total BC-mica-silane
spectrum. Note the about 10-fold difference in Raman intensity scale (y axis) between the BC-NC
in panel (A, red) and the BC lacking Au NPs in panel E.

Figures 4.4a and 4.4e permit comparison of the Raman spectra on the mica surface of the
BC-NC to that of the bare BC virus capsids, providing an estimate for the efficiency of the light
field concentration in the NCs. Subtraction of the spectrum associated with the mica substrate
(green spectrum) from that of the BC capsid on mica (red spectrum) in figure 4.4e provided an
estimate for the spectrum of BC capsids (blue spectrum and corresponding blue peaks denoted in
blue text, figure 4.4e). Comparison of this BC capsid Raman spectrum to that for the BC-NC
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spectrum (red spectrum, figure 4.4a) indicated that the average intensity of the capsid peaks was
at least 10-fold less in the absence of Au NPs, suggesting a SERS enhancement in the BC-NC of
at least 10-fold. Comparison in this manner also revealed that the Raman peaks associated with
the mica substrate in figure 4.4 were not substantially affected by the presence of Au NPs,
whether as free Au NPs or components of the BC-NC. Although the origin of this effect was
unknown, one possibility consistent with the calculations was that the atomically flat mica surface
was far removed from the areas of enhanced electromagnetic field strength near the widest
portions of individual Au NPs and between Au NPs on the BC-NC, yielding a relatively weak but
constant SERS signal.
A critical issue for the successful use of the NCs as SERS tracers or biosensors was their
ability to detect potentially structurally complex species present in their external environment.
However, the presence of Raman signals from the protein capsids noted in figure 4.4 suggested
that capsid protein already occupies at least a portion of the hot spot regions between adjacent Au
NPs in the NCs. Furthermore, steric effects associated with the size and spacing of the Au NPs in
the NCs, as well as electrostatic effects due to the presence of ionized thioctic acid species
stabilizing the NC dispersions, may also affect access to the hot spots. Therefore, the questions
naturally arise as to whether external analytes can enter the hot spot regions on the NCs for
efficient SERS enhancement and detection and if those analytes on the exterior of the NC would
affect the protein signals associated with protein capsid inside the plasmonic NC.
The ability of the mica-immobilized BC-NCs to detect aqueous (pH ~6.8) commercial
M13mp18 ssDNA (New England Biolabs, MA) was tested. In general, M13mp18 DNA provided
an attractive test analyte for several reasons. For example, Raman signatures of the nucleic acids
comprising DNA were well characterized both experimentally (161-164) and theoretically (165).
Specifically, the DNA Raman spectrum exhibits both ribose (~900 cm-1) and nucleotide ( > 1450
cm-1) vibrational modes, together with several high frequency nucleotide modes located in
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regions free from strong vibrational components associated with the VLP-NC, BC-NC, and mica
Raman modes (e.g., 1400−1600 cm-1), facilitating rapid identification of DNA-related bands
during the SERS experiment. As a circular single-stranded DNA comprising 7249 nucleotide
bases, M13mp18 additionally provided a target of expected high steric hindrance for the NCs.
Furthermore, electrostatic repulsion between its anionic phosphate backbone and thioctic acid
carboxylate groups presented on the Au NPs in the NCs was expected to further hinder M13mp18
access to the hot spot regions between adjacent Au NPs present on the NCs. Consequently,
M13mp18 provided a rigorous and challenging analyte to test NC systems for biosensing.
Figure 4.5a summarized the SERS results for the test M13mp18 analyte (785 nm
excitation), with figure 4.5b highlighting the 1400−1600 cm 1 region where DNA nucleic acid
−

Raman signals were dominant and corresponding BC capsid signals were relatively muted.
Spectra shown have been obtained from dried BC-NC containing samples that were exposed to 1
µl aqueous aliquots of 0.25−250 ng⋅µL-1 M13mp18 (4 x 4 arrays, Supplementary Information),
with usable Raman signals observed for all samples. A Raman spectrum that exhibited signals due
solely to the mica substrate, with no discernible peaks attributable to the M13mp18 DNA in the
1400−1600 cm 1 region, was observed for M13mp18 (figures 4.5a and 4.5b, violet spectrum)
−
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Figure 4.5: Raman DNA Analysis, Detection of DNA by individual BC-NCs. A, Raman spectra
of plain DNA (violet), BC-NC (red), and BC-NC after addition of DNA (light and dark blue) on
mica-silane surfaces collected from corresponding samples shown in panels C, D, and (E, for
dark blue), respectively. The spectra were normalized for mica Raman peak 703 cm-1. B,
Expanded area (1400-1700 cm-1) with specific DNA Raman peaks. The single BC-NC enhanced
DNA-specific Raman peaks appear at 1589, and 1611 cm-1. Optical images of mica-silane
surfaces with C, DNA, D, BC-NC, and E, BC-NC+DNA (for DNA detection). The yellow spot in
the middle of C is the excitation light beam used in experiments, while bright spots in D and E
were due to the background white light scattered from BC-NC gold nanoparticles. Scale bar 10
µm.

deposited directly onto the mica substrate (1 µl, 250 ng⋅µl-1, figure 4.5c), consistent with the lack
of M13mp18 signal enhancement expected in the absence of BC-NCs.
In contrast, the Raman spectrum of the BC-NC on the mica substrate (figures 4.5a and
4.5b, red spectra, and figure 4.5d), was clearly observed (cf, figures 4.4a and 4.4e) in the absence
of added M13mp18, as expected. Subsequent addition of M13mp18 (1 µl of 0.25 ng⋅µl-1) to the
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BC-NC substrate (figure 4.5e) leads to substantial changes in the BC-NC Raman spectrum, as
shown by the light and dark blue spectra (figures 4.5a and 4.5b) taken at two separate BC-NC
sites on the surface. In particular, new Raman bands at 1589 and 1611 cm-1 appear in the
1400−1600 cm -1 region free from strong BC capsids protein bands, consistent with the presence
−

of DNA. However, the intensities of these DNA-specific peaks vary somewhat (e.g., 1589 cm-1
peak in light blue vs. dark blue spectrum, figure 4.5b) for spectra taken from different BC-NC +
DNA individual particles. In addition, the intensities of the Raman spectra at certain existing BC
capsid protein bands (e.g., figure 4.5a, 1145, 1270, and 1498 cm-1 peaks where overlapping DNA
peaks were located) were also similarly modulated in the presence of the M13mp18 DNA sample.
Although some variation of DNA SERS spectrum was expected due to potentially different DNA
and/or protein capsid orientation and/or displacement effects expected during DNA entry into the
hot spot regions on different NCs, a definitive assignment awaits the results of further work in
progress. Nevertheless, the ability to observe M13mp18 DNA only via its SERS signals in figure
4.5 provided proof-of-principle for use of the NCs as SERS platforms for detection of sterically
and electrostatically challenging biological analytes.

4.4 CONCLUSION

In the current work, it was demonstrated that VLP-NC and BC-NC were robust biophotonic complexes used for local electromagnetic field concentration and spatially-resolved
Raman enhancement useful for detection and identification of both the virus capsid protein and
surrounding molecules, like DNA. In the latter case the enhancement was more than an order of
magnitude and was substantially superior to the enhancement observed with an individual Au NP
allowing us to readily detect down to 0.25 ng/µl of M13mp18 ssDNA. The NC s have a strong,
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clear, reproducible, and stable Raman signature, which came from the internal protein shell that
was retained as an internal standard even in the presence of external analytes bound to the “hot
spots”. Based on proof- of-principle, the NCs are good biosensor candidates for in vitro and/or in
vivo studies where the low toxicity of Au NPs and the small sizes of the NCs are of great
advantage. Future directions of this research may comprise the incorporation of specific
receptors, antibodies, or antimicrobial peptides into the nanoclusters to in- crease its selectivity in
complex mixtures.
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4.6 SUPPORTING INFORMATION

4.6.1 MATERIALS AND METHODS

All chemicals were purchased from USA sources and used as received unless otherwise
noted. All buffers and aqueous solutions were prepared with deionized water (Milli-Q water; 18
MΩ x cm−1). Buffers were filtered sterilized using a 0.2 µm Nalgene filters (Fisher Scientific,
Pittsburg, PA). From this point on the genetically modified BC-CPMV (60 cys per capsid) will
simply be called BC, and the WT-CPMV empty capsid as VLP. BC was produced by J.
Johnson’s group and the VLP at G. Lomonosoff’s laboratory by methods already published (166).

Hi-Trap Desalting Column, UV-Vis characterization, and quantification
A 5 ml pre-packed Hi-Trap desalting column (GE Healthcare Biosciences, Piscataway,
NJ) was equilibrated with 25 ml of appropriate buffer for each application. The column was used
for buffer exchange or to remove small molecules from reactions mixtures. Elutions from the
column (1.5 ml each; via manual injection of buffer) were evaluated by UV-Vis spectroscopy to
identify the capsid-containing fraction. A Cary 5000 UV-Vis-NIR (Agilent Technologies, Santa
Clara, CA) was used for all UV-Vis measurements using 1 ml disposable cuvettes (Fisher
Scientific). Quantification of the capsids was based on the absorbance peak of the capsids (λ max)
and corresponding extinction coefficient (ε). For the VLP: λ max was 280 nm, ε =1.28 ml•mg1

•cm-1 and for BC: λ max was 260 nm, ε =8 ml•mg-1•cm-1.

92
Dynamic Light Scattering (DLS)
Particle size was determined using a Brookhaven Instruments ZetaPALS dynamic light
scattering (DLS) system using 1 cm path-length cuvettes. Three milliliters of sample were used.
Ten measurements were taken per data point at 25˚C.

Nanoclusters (NC) fabrication

Incorporation of protected-artificial thiols: VLP-SHR (167, 168)
The linker N-Succinimidyl S-acetylthiopropionate (SATP; Thermo Scientific Pierce,
Rockford, IL) was used for incorporation of protected-artificial thiols (SHR). Twenty-five
microliters of 10 mg/ml VLP in 50 mM potassium phosphate (KP) pH 7.0 was diluted with 1.5
ml of 100 mM KP pH 7.5. The mixture was filtered using a syringe filter (0. 2 µm, PES:
polyethersulfone; Thermo Scientific) followed by buffer exchange to 100 mM KP pH 7.5 using a
Hi-Trap column. The fraction containing VLP was quantified using UV-Vis. The 1.5 ml of the
VLP already in 100 mM KP pH 7.5 (0.1 mg/ml) was mixed with 4 µl of 1µg/µl of SATP in
dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO; SATP was mixed with DMSO just
prior to use). The mixture was incubated overnight in the dark at room temperature (RT). The
excess of SATP was removed by Hi-Trap (pre-equilibrated in 100 mM KP pH 7.5). The VLPSHR fraction was stored at 4°C until ready to use.

Deprotection Step: VLP-SH
A 0.5 M hydroxylamine solution was prepared just prior to use by mixing 250 µl of 100
mM EDTA pH 7.5 (Sigma-Aldrich), 34 mg of hydroxylamine (Thermo Scientific Pierce) and 750
µl of 100 mM KP, pH 7.5. VLP-SHR solution (750 µl of 76 µg/ml) was diluted 1:1 with 750 µl
of 100 mM KP pH 7.5. Five microliters of 0.5 M hydroxylamine were added to the VLP-SHR
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solution (1.5 ml of 38 µg/ml) and the solution was vortexed and incubated at RT for 2 h in the
dark. The excess of hydroxylamine was removed using a Hi-Trap (pre-equilibrate with a 10 mM
KP pH 6.0). The VLP-SH containing fraction was identified by UV-Vis and used immediately for
Au-NP coupling.

Au NP coupling to VLP-SH and BC
Similar protocols as reported before were used. For details regarding optimization
experiments for BC-NC synthesis see the previously reported work. (149)
Reagents were mixed in the order as described here: mixed 250 µl of 100 mM KP pH
6.0, 1617 µl of sodium citrate filtrate (recovered from the Au NP concentration; 50 ml of Au NP
concentrated down to 600 µl using 100 k MWCO concentrators (Amicon Ultra-15, Fisher
Scientific)), 5 µl of 0.5 M EDTA pH 8.0, 28 µl of 0.02 mg/ml VLP-SH or BC, and 600 µl of the
Au NP concentrated. The reaction was incubated at RT for 36 h. NCs and free Au NP were
purified from agarose gels as previously described. (149) Purified free Au NP from the reaction
mixture was used as a negative control for all characterization experiments.

Surface Modifications

Au-coated glass substrates with thiol linker (cysteamine-Au)
A 0.10 M cysteamine hydrochloride (113.61 g/mole) solution was freshly prepared by
dissolving 0.285 g cysteamine hydrochloride (Sigma-Aldrich) in 25 mL of 1:1 v:v ethanol:water
solution while Au substrates were plasma (Ar) cleaned for 15 min. Immediately after plasma
cleaning the Au substrates were submerged in the cysteamine hydrochloride solution. Two
samples were placed in the 0.10 M cysteamine solution and the third sample was placed in a
blank solution containing only 1:1 v:v ethanol:water. The samples/solutions were sealed to
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prevent evaporation and allowed to stand for 3.5 hours. At that time each sample was removed
from the solution and rinsed successively in fresh 1:1 v:v ethanol:water solution, then again in
separate fresh 1:1 v:v ethanol:water solution, and finally in pure water. Samples were then dried
in a filtered N2 gas stream from liquid N2 boil-off and stored in Fluoroware™ containers until
ready to use. All samples wet uniformly as they were pulled from their treatment solutions and
the 1:1 v:v ethanol:water solution rinses. The cysteamine-treated samples also wet uniformly after
removal from the final water rinse, but water tended to bead up on the blank sample as it was
removed from the final water rinse. Surfaces of all 3 samples appeared uniform and clean after
treatment, with no evidence of particulates or other contamination.

MgCl2–mica surface
PELCO® Mica Discs 9 mm diameter (Ted Pella Inc., Redding, CA) were used as the
starting mica surface. One hundred microliters of 10 mM MgCl2 (aq) were placed on top of a
freshly-cleaved mica surface, followed by an incubation at RT in a humid chamber for 75 min.
The MgCl2 was removed by pipetting out the solution. The MgCl2-modified surface was washed
3x with Milli-Q water and let dry in air at RT.

Silane-mica surface
N-[3-(trimethoxysilyl)propyl]ethylenediamine (EDA) from Sigma-Aldrich was vacuum
distilled (140°C; 15 mm Hg) immediately prior to use. Glacial acetic acid was TraceSELECT™
Ultra grade (>99.99%) used as received from Sigma-Aldrich. Chemisorption of the EDA selfassembled monolayer (SAM) onto the mica substrates was accomplished using the literature
procedure (169) with slight modification, as described below. Briefly, an EDA solution was
prepared immediately prior to use by addition of 1 ml of freshly distilled EDA to 99 ml deionized
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water, followed by addition of 200 µl glacial acetic acid as a catalyst with stirring. A 100 µl
aliquot of the EDA solution was dispensed onto the freshly cleaved surface of a mica substrate (1
cm diameter disks, Muscovite Mica, V-1 quality, Electron Microscopy Science, PA) residing in a
Petri dish inside a constant humidity chamber (100% R.H.). The EDA solution was allowed to
stand on the fresh surface of the mica inside the closed chamber for 30 min. After this time, the
EDA solution was carefully removed from the mica with the pipet and discarded. The sample was
immediately washed by dispensing a 100 µl aliquot of water onto the mica surface with a
pipette. After 1 min, the wash water was carefully removed from the mica surface using the pipet
and discarded. The treated mica surface was washed three times in this manner. After the final
water wash, the mica substrate was carefully blown dry using a N2 gas stream (liquid N2 boil-off)
and placed in an oven for 6 min at 110°C to complete the drying and EDA chemisorption
process. The EDA-coated mica substrate was allowed to cool to room temperature, labeled on its
untreated side, and stored in a tightly sealed Fluoroware™ container until needed for
experiments. For treating 1 x 1 in2 mica surface (Muscovite Mica, V-1 quality, Electron
Microscopy Science, PA) the same protocol was used with the exception that both sides of the
mica were cleaved and treated simultaneously by submerging the 1 x 1 in2 surface in a Coplin jar
containing the corresponding solutions for treatment or washes.

Samples preparation for AFM and SERS analysis
BC-NC and VLP-NC recovered from agarose gels were washed 2x with 10 mM Bis-Tris,
1 mM EDTA, pH 6.5 buffer using the 100 k centrifugation filters and diluted back to its original
volume with the same buffer (for a typical reaction the final volume was 2 ml). One microliter of
BC-NC or VLP-NC in buffer was placed on a silane-mica substrate and let dry at room
temperature (~ 20 min) then washed 3x gently by submerging the surface in Milli-Q water for 5 s.
The surfaces were dried at RT prior to AFM or SERS experiments.
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A 4x4 array (on a 1 x 1 in2 silane-mica substrate) was prepared (scheme 4.S1) for SERS
DNA detection experiments. One microliter of BC-NC (OD ~ 0.2) was placed on the silane-mica
substrate, let dry and washed 3x with water. A paper map of the array (scheme 4.S1) was kept
under the transparent mica to be able to place the DNA on top of the area were the BC-NC was
dried. DNA solutions (M13mp18 ssDNA (circular) 250 ng/µl from New England Biolabs, MA)
were prepared by diluting the commercial DNA in water (RNase-free) down to 25, 2.5, and 0.25
ng/µl). DNA was detected in all the areas where the DNA was placed on top of the BC-NC. As a
negative control for DNA detection (main text figure 4.5b, violet line) 1 µl of the 250 ng/µl DNA
was dried on silane-mica.

Scheme 4.S1: Map of 4x4 SERS Array, A map for a 4x4 array for SERS DNA detection
experiments. Samples were placed in the intersection of the lines for a total of 16 positions (A-1
to D-4).
Atomic Force Microscopy (AFM) Imaging
Samples for AFM analyses were prepared on silane-mica surfaces and were the same as
for Raman analyses. The AFM experiments were performed with JSPM-5200 microscope (JEOLUSA, Peabody, MA) in alternative current amplitude and phase modes allowing for avoiding
sample alteration by AFM tips and increasing image spatial resolution. The experiments were
performed in air at 22 °C with dried samples with silicon Tap-300 AFM probes (BudgetSensors,
Sofia, Bulgaria) having force constant 40 N/m. The AFM was operated at oscillation frequencies
approximately 320 KHz (Q-factor of approximately 562) at a scan speed approximately 3 µm/s
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with feedback filter 1.20 - 1.60 Hz. Control measurements performed at high resolution AFM
show no sample damage before and after experiments. Image processing was done with JEOL
SPM software. The same software was used to determine surface coverage and particle height
distributions.

Calculation of Electromagnetic Field Density
To calculate distribution of the electro-magnetic (EM) field around NCs, Maxwell’s
equations were solved with a finite element method in 3D space.(170) Twelve Au NPs of 30 nm
diameter were placed uniformly around a central sphere of diameter 30 nm. The resulting gold
cluster was placed in the cubic vacuum domain of the size length of 150 nm with the absorbing
boundary conditions at each of 6 sides. (170) The mesh was designed consisting of 488 elements
for each of 12 spheres and 15910 elements for the rest of the domain. Frequency dependent
empirical dielectric constant for gold taken from Palik were used (171). The calculations were
performed for 785 nm excitation light. The result of the calculation was the space dependent
electric field amplification 𝐸 / 𝐸!"#$%$"& with electric vector of incident light intensity 1 W/m.
A Dell Workstation Precision 7200 64 bit with Dual Quad Core Intel Xeon processors having
48Gb RAM was used for this calculation.

Spatially Resolved Confocal Raman Spectroscopic (SERS) Analysis
Preliminary 4 x 4 arrays (scheme 4.S1) were prepared to determine the optimum
concentration and volume applied on the surface for optimum visualization of the NCs. The
criteria to analyze the NCs individually was to have NCs far from each other (~ 1 µm) on the
surface as visualized by the bright light generated from the scattering of the Au NP on the NCs.
The optimum conditions were found to be 1 µl of a NC solution of ~ 0.2 OD. Raman spectra were
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collected with a Renishaw in via Raman microscope (Hoffman Estates, IL) with 100x objective
and laser light 785 nm (with pinhole) or 514 nm allowing for about 1 µm 3D spatial resolution.
(172) The excitation energy was kept below 0.06 mW. Each spectrum was recorded 3 times and
averaged. Though only 3 single scans were performed at each sample point, in some cases up to
10 similar spectra were averaged to improve the spectral resolution and check spectral variability.
The spectral data processing (smoothing, averaging, and background subtraction, if needed) were
performed with IgorPRO data analysis software (WaveMetrics, Portland, OR).

4.6.2 RESULTS AND DISCUSSION

The VLP, as received, was filtered via a syringe filter (Nalgene 0.2 µm polyether sulfone
membrane, Thermo Scientific) to remove any large particles and via a Hi-Trap desalting column
for buffer exchange. The VLP eluted in the first elution as the full capsid typically elutes. (figure
4.S1a, dash black line) and absorbs at 280 nm as expected for a capsid lacking RNA. For further
characterization, the particles’ size was determined by DLS resulting in 32 nm for the VLP
(figure 4.S1b), which agrees well with the size of intact particles, which was approximately 30
nm (figure 4.S1c) (150).

Figure 4.S1: Characterization of VLPs, Characterization of VLP. (a) UV-Vis of VLP before and
after Hi-Trap purification, λ max at 280 nm as expected for a protein capsid lacking RNA inside.
(b) DLS of VLP after first Hi-Trap (dash black lines on (a)) maximum peak centered at 32 nm
close to the expected 30 nm diameter for the full particles (BC mutant) as shown in (c).
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Self-assembly of NCs

Figure 4.S2: Characterization of Pre-reaction Capsids, Characterization of capsids prior to
reaction with Au NP. (a) DLS: VLP-SHR after incorporation of protected thiol. (b) DLS: VLPSH after removal of protecting group. The thiol group was ready for reaction with Au NP. (c)
UV-Vis spectroscopy of samples shown in (a) and (b). (d) BC after removal of dithiothreitol
(DTT, reducing agent to avoid disulfide formation), was ready for reaction with Au NP.

The VLPs do not contain Cys on the capsid. For building the NCs mutants incorporated
artificial thiols on the VLP (figure 4.S2).DLS data (figure 4.S2a) shows a small increase of size
upon incorporation of the protected thiol group (SHR). After removal of the protected group
(VLP-SH) the majority of particles were centered at 27 nm while larger particles were at 171 nm,
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presumably due to a minor amount of cross-linked particles (dimer formation via disulfide bond).
Furthermore, the VLP-SH UV-Vis shows a new shoulder at 320 nm that was attributed to SATP

Figure 4.S3: Agarose NC Purification, 1% low melting agarose gels. (a) NCs purified from gels,
band 1 is the NCs and band 2 is the free Au NP (not stained). (b) Stained for proteins (GelCode
Blue Stain Reagent, Thermo Scientific using manufacturer suggested protocols) 1-BC control; 2BC and 3-VLP-SH used for reactions with Au NP. The capsids ran at the corresponding position
indicating that they were intact.
(figure 4.S2c, purple line). After removal of the protecting group the shoulder does not show in
the UV-Vis (figure 4.S2c, red line) presumably due to the removal of excess of SATP in the
mixture. It is important to note that the absorbance max of VLP-SH stayed at 280 nm as observed
for the VLP while the BC peak was centered at 260 nm (figure 4.2d), as usual for a capsid
containing RNA inside.
After incorporation of the artificial thiols and deprotection, in the case of VLP-SH, the
coupling reaction with Au NP was performed using the same protocols used for BC without any
modification. Both NCs ran slower (figure 4.S3a) in agarose gels in comparison to the free Au
NP. For quality control purposes, the VLP-SH and BC (control) were run in a gel and stained
with a protein stain to show that the VLP-SH particles were intact prior to the reaction with AuNP. Both VLP-SH and BC ran at similar positions (figure 4.S3b) indicating that SATP reaction
and deprotection steps had not affected the integrity of the VLP capsid. DLS measurements show

101

an increase of size of the NC in comparison to the free Au NPs (see main text for data and
discussion).
In summary, the VLP-NC showed similar size (as seen in DLS), UV-Vis spectra, and
electrophoretic mobility as the BC-NC demonstrating that both NCs had similar bulk properties
and demonstrating that both scaffolds were viable for the fabrication of NCs.

Raman Spectroscopy Peak identification

Surfaces Used for Immobilization.
MgCl2-mica, cysteamine hydrochloride on gold surfaces, and silane-mica substrates were
tested. Based on the AFM data, the best surface for the SERS studies were the silane-mica
surfaces where the NCs were successfully immobilized. Diluted NC for individual SERS was
characterization. The mica-silane surface provided proper positive charge density for NC
immobilization. Also, the mica was atomically flat facilitating size characterization of the NCs
height by AFM. For SERS experiments, the Raman peaks corresponding to the mica-silane
surface served as an internal control for quantification.
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Table 4.S1: Calculation of expected amplification for electric component of 785 nm light
by BC-NC and VLP-NC. *
SP1

SP2

EF amplification

Intensity

1
1
1
1
1
2
2
2
2
3
3
3
3
3
4
4
4
4
5
5
5
6
6
6
7
7
8
9
9
10

2
5
8
9
10
5
6
10
11
4
6
7
11
12
7
8
9
12
7
8
11
10
11
12
8
11
9
10
12
12

10.055776
10.802831
1.938135
4.996708
1.079197
0.783703
2.194085
8.922486
8.302244
10.111382
1.958989
1.098431
4.977579
10.851545
9.53024
2.249516
8.383118
0.780701
2.796394
8.912364
7.687119
11.027599
6.029717
8.946239
11.013766
4.688102
6.026955
4.682275
7.710065
2.782981

101.1186
116.7012
3.756367
24.96709
1.164666
0.61419
4.814009
79.61076
68.92726
102.24
3.837638
1.206551
24.77629
117.756
90.82547
5.060322
70.27667
0.609494
7.819819
79.43023
59.0918
121.6079
36.35749
80.03519
121.303
21.9783
36.32419
21.9237
59.4451
7.744983

6.044008067

49.04415

Average

*The calculation was based assuming VLP-NC orientation to the incident light shown in figure
4.3 and considering projection of the light electric field to the line connecting each Au NP pair
Each Au NP pair denoted SP1 (particle 1) and SP2 (particle 2). The intensity (as the square of the
field) was calculated for each pair and then averaged.
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5.1 ABSTRACT

Viral capsids assemble with coat proteins to encapsulate their viral genome. The stability
of the capsid is crucial for protecting the viral genome from physical, chemical and enzymatic
damage. The chemical stability of viral particles has been extensively studied but less is
understood regarding its mechanical stability. In this study, mechanical tensile forces of the coat
protein of CPMV capsid was analyzed using magnetic tweezers. Significant deformation of the
viral particle over a wide force range from 20 to 160 pN at a loading rate of 1 pN/s was detected,
which was indicated by a stepwise extension increase with step sizes that ranged from 5 to 40 nm.
The data was consistent with local unfolding of coat proteins. This was supported by molecular
dynamics simulations. The unfolded coat proteins did not detach from the capsid surface,
indicating strong interactions with neighboring coat proteins. Overall, this study demonstrated the
remarkable global stability of the CPMV assembly, which can reversibly accommodate local
disruptions.
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5.2 INTRODUCTION

Viruses protect their DNA or RNA genomes by encapsulating them in a capsid
compartment. The capsid is a protein shell formed by coat proteins that tightly interact with each
other. The protective capsid is uncoated during or after invasion into host cells. Before that, the
capsid must assemble stably in order to protect the integrity of the genome inside. Besides, viral
particles have been widely used as functional nanoparticles for bio-nanotechnologies and building
blocks to generate complex nanoscale patterns with potential to develop novel functional devices
(173-177). The physical properties of viral capsids, in particular stability, are crucial for their
physiological functions and bio-nanotechnological engineering applications.

Traditionally, the stability of viral capsids has been studied in bulk assays where the
disassembly or reassembly of the capsids was induced chemically (18-22). Probing the forces
that create stability of capsids is also important, as viruses naturally form and release their
contents, and they may be subject to a variety of forces in vivo, such as shear forces
experienced by the viruses in the context of dynamic flow, internal pressure due to the highly
compressed RNA or DNA, or osmotic pressure differences inside and outside virions (23,
24). Despite the importance, the mechanical stabilities of virus capsids are difficult to study
with traditional biochemical methods owing to the challenges of applying forces on viral
capsids and measuring the resulting deformations or structural transitions of the capsids.
Recent developments of single-molecule manipulation technologies have made it
possible to apply forces directly to single virus capsids and record their deformations or
disruptions while force is applied. Atomic force microscopy (AFM), for example, was used to
apply compressive loads to virus particles using cantilever tips (25-31), and the resulting global
deformations of the whole virus particles were imaged. However, the stability of individual coat
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proteins in the context of the assembled capsid and the effects of local disruptions of coat proteins
on the global stability of capsids has yet to be addressed. In this work, these questions were
investigated using a model system, the cowpea mosaic virus (CPMV) capsid, by high force
magnetic tweezers that applied tensile forces to a single residue of a coat protein on a single
CPMV capsid.
The CPMV capsid contains 60 asymmetric units, each of which is composed of one small
coat protein (SCP) and one large coat protein (LCP). The capsid has T=1 (pseudo T=3)
icosahedral symmetry, with an overall diameter of ~30 nm as revealed by X-ray crystallography
and TEM (64, 178). The stability and icosahedral symmetry make CPMV capsids useful for
creating nanometer scale patterns with high spatial specificity (179-181). CPMV is an RNA virus
with a genome consisting of two single stranded RNA molecules packaged in separate, but
otherwise identical capsid shells. Other members of CPMV’s Comovirus family contain RNA
molecules that were reported to directly associate with the LCP (178). Whether this RNA-capsid
interaction contributes to the capsid mechanical stability is unknown.
Each LCP has three exposed lysine residues and each SCP has two. In order to apply
forces directly to these coat proteins, lysine reactive N-hydroxysuccinimide ester (NHS) ester
PEG 7500 biotin linkers were introduced to native CPMV virions and empty (genome lacking)
virus-like particles (VLP) without RNA contents. Streptavidin coated paramagnetic beads were
added to the biotin end of the linkers, which were stretched using magnetic tweezers. Using this
method, the stability of the coat proteins on native CPMV and empty VLP capsids was
investigated, as well as the effects of local disruption on the global stability of the capsids.
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5.3 RESULTS

Figure 5.1: CPMV Structure and TEM of CPMV, The structure and the TEM images of the
biotin-labeled CPMV particles. (A) One SCP and LCP comprise an asymmetric unit of CPMV,
where two sites in the SCP (K38, K82) and three sites in the LCP (K34, K99 and K199) were
conjugated with biotins through PEG linkers. (B) 60 asymmetric units assemble into a CPMV
capsid. (C-D) TEM images of negative stained samples of native CPMV, C, and VLP, D, capsids
labeled with PEG-biotins.
The structure of an asymmetric unit of the CPMV capsid contains one SCP and one LCP
(figure 5.1A). Five lysine residues (K38 and K82 in the SCP and K34, K99, and K199 in the
LCP; marked by cyan spheres n figure 5.1A) served as the PEG linker attachment sites in this
study. These residues were distributed fairly uniformly across the surface of the CPMV capsid
(figure 5.1B). Transmission electron microscopy (TEM) images of stained samples of native
CPMV and empty VLP capsids after the PEG linkers were attached (figures 5.1C and 5.1D)
indicate that CPMV was stable post-reaction. Note that each individual capsid has a total of 300
attachment sites.
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Figure 5.2: Force Response Setup and Particle Data, Force response of CPMV particles. (A)
Schematic of the experimental set up. Only transitions where the virus was unfolded from a
single linker were recorded. There were four possible linking patterns, a single linker attached
to the bead and the slide, a single linker attached to the bead, a single linker attached to the
slide, and no single linkers attached to the bead or slide. (B) Three representative forceextension curves for CPMV particles in 1XPBS buffer at a loading rate of 1 pN/sec, where
arrows indicate the unfolding events. (C) Histogram of unfolding forces of CPMV at a loading
rate of 1 pN/sec. (D) Histogram of unfolding step size of CPMV at a loading rate of 1 pN/s
native CPMV or empty VLP biotinylated capsids were tethered between a streptavidin coated
coverslip and a 2.8-µm diameter, streptavidin coated paramagnetic bead. The capsid- coverslip
and a 2.8-µm diameter, streptavidin coated paramagnetic bead. The capsid-linker-bead system
was then stretched using high force magnetic tweezers previously designed to study the
mechanical stability of short DNA and proteins (182-184). The goal was to pull from a single
linker on the virus. Since each capsid may have multiple PEG linkers being pulled from
simultaneously, four possible linking patterns existed (figure 5.2A): three singly tethered cases
where there was a single PEG linker between the capsid and the bead or between the capsid and
the coverslip surface (first three patterns in figure 5.2A); a multiply tethered case where there
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were two or more PEG linkers both between the capsid and the bead and between the capsid and
the coverslip surface (the last pattern in figure 5.2A). Unfolding events under single PEG linkers
or under multiple parallel PEG linkers were distinguished in experiments by monitoring the
deflection of bead in the focal plane (see below).
If a capsid subunit protein attached by a single PEG linker unfolded, extension changes
along the force direction should occur without transverse deflection from the pulling direction.
However, if the unfolded subunit was under one of the parallel multiple linkers, transverse
deflection of the bead position would occur in addition to the extension change along the force
direction because the torque needs to be rebalanced (185). If force induced a global deformation
of the capsid without LCP or SCP unfolding, extension changes along the force direction without
deflection in the focal plane should also occur independent of the number of linkers. Data
discussed in this paper were from those experiments in which only the extension change along the
force direction occurred without accompanying deflection in the focal plane.
Three representative force-extension curves of CPMV from independent experiments in
1X PBS buffer recorded at a constant loading rate of 1 pN/s are shown in figure 5.2B. Unfolding
events occurred during the stretching, which led to a sudden extension of, for example, an
unfolding step size of 10 nm. Interestingly, these unfolding events did not lead to tether
dissociation in most experiments over a wide force range up to ~ 160 pN. To further quantify the
mechanical properties of CPMV particles, 58 unfolding events from 35 tethers under the same
loading rate were analyzed. The results showed that the unfolding forces widely spread from 20
to 160 pN with a peak at around 80 pN (figure 5.2C). On the other hand, the histogram of the
unfolding step size in figure 5.2D shows that most of the unfolding step sizes range between 5 nm
and 40 nm, and a mode of 10 nm could be distinguished.
The stepwise increase in extension indicated either significant deformation of the viral
particle or local unfolding of the coat proteins. A CPMV particle has a diameter d ~ 30 nm. Most
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Figure 5.3: Force Response VLP Data, Force response of VLPs (RNA free). (A) Three
representative force-extension curves for VLPs in PBS buffer at a loading rate of 1 pN/sec, where
the arrows indicate the unfolding events. (B) Histogram of unfolding forces of VLPs at a loading
rate of 1 pN/sec. (C) Histogram of unfolding step size of VLPs at a loading rate of 1 pN/s.
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Figure 5.4: Constant Force Extension Data, Representative time traces of extension change
during force extensions between a higher force where unfolding of coat proteins occurred and a
lower force where refolding of the unfolded coat protein took place. A, Data obtained on a native
CPMV particle during force extensions between 67 pN and 8.6 pN. B, Data obtained on a VLP
during force extensions between 52 pN and 5.5 pN.
CPMV particles were filled with RNA and a global stretch will have to squish the RNA inside the
virus. It was unlikely that a filled icosahedron will have a global deformation with a size similar
size of the icosahedron without unfolding the proteins (26-28), and some of the step sizes were
larger than the diameter of the virus particle. In addition, previous atomic force microscopy
(AFM) experiments showed that nN range of compressive forces was needed to deform the

CPMV, the cowpea chlorotic mottle virus (CCMV), the minute virus of mice (MVM) capsids,
and others (186), suggesting that the shape of viral particles were mechanically robust, which was
unlikely to be deformed at the force range used. On this basis, the unfolding steps were likely
from local unfolding of coat proteins.
Similar experiments were performed for empty VLP capsids, which contain no RNA
inside. The unfolding time courses (figure 5.3A), the unfolding force (figure 5.3B) and step size
(figure 5.3C) statistics obtained from 56 unfolding events from 37 tethers were all similar to those
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observed in native CPMV capsids. The only apparent difference was that the unfolding force
distribution was slightly flatter than that observed in the native CPMV capsids. Overall, the
results suggested that the unfolding events observed on both the native CPMV and the empty
VLP capsids were unfolding of individual subunits of the coat proteins, which were not
significantly affected by RNA inside. The unfolded states of the coat proteins in both native
CPMV and the empty VLP capsids was reversible by reducing applied force to below 10 pN,
which was demonstrated by two representative time traces. The extension change with constant
applied force extends at high forces and refolds at low forces (figure 5.4).
The large variations in unfolding forces and step sizes can partially be explained by the
five possible attachment sites of the PEG linker to the coat proteins. As mentioned above, the
LCP and SCP have two and three available lysine residues, respectively; therefore, there were
five possible points to unfold the proteins from. Steered molecular dynamics calculations (Amber
03, Gromacs 5.5, see method) simulated the unfolding of the coat proteins by applying forces to
five respective residues (K38 and K82 in the SCP, and K34, K99, and K199 in the large coat
protein). The simulations applied large constant forces (90 pN ~ 200 pN) to these five residues to
accelerate the unfolding process and obtain the unfolding step sizes of SCP and LCP respectively.
Figure 5.5 shows examples of four unfolded representations of SCP and LCP (no apparent step
sizes were shown for LCP199). Pulling at different residues results in different unfolding step
sizes ranging between 1 nm and 28 nm, which showed that it was possible to obtain the
experimental range of measured step sizes by unfolding the coat protein. The details of how the
simulations were performed can be found in the materials and methods section (Steered
molecular dynamic simulation of coat protein unfolding).
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Figure 5.5: CPMV Unfolding Dynamics, Representations of possible unfolded structures of the
SCP and LCP. (A) The SCP was unfolded 10.3 nm (yellow) at force 160 pN pulling from K38.
(B) The SCP was unfolded 2.1 nm (yellow) or 28.1 nm (cyan) at force 190 pN pulling from K82.
(C) The LCP was unfolded for 3 nm (yellow) or 7.3 nm (cyan) at force 120 pN pulling from K34.
(C) The LCP was unfolded for 1.2 nm (yellow) or 8.5 nm (cyan) at force 100 pN pulling from
K99. The neighboring proteins are depicted in blue. The pulled residues (K38 and K82 from the
SCP and K34 and K99 from the LCP) are depicted in green spheres. Pulling from LCP K199 did
not result in any apparent unfolding step sizes.

5.4 DISCUSSION

In this study, single-molecule manipulation experiments explored a better understanding
of the mechanical stability of single coat proteins on single intact native CPMV capsids and
empty VLP capsids. Distinct from previous mechanical studies of virus capsids that were mainly
focused on global deformation of the capsids under compressive loads (25-31), this study focused
on local disruption of the coat proteins.
Unfolding of the coat proteins of CPMV took place over a force range from 20-160 pN at
the loading rate of 1 pN per second, and the unfolded proteins can refold when force was reduced.
CPMV has recently been recognized as a nanoscale scaffold for the design of vaccines and
therapeutics (173, 187-189), as well as mechanical electrical nano-devices (190-192). When such
a nano-device was under high mechanical perturbation, unfolding of the coat proteins can relax
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the stress, in effect acting as a molecular shock absorber for the capsid assembly (193). When the
stressed device was relaxed, the unfolded coat proteins were able refold and then unfold again
with a similar step size (figure 5.4). Overall, the mechanical unfolding and refolding of the
CPMV based nano-device coat proteins was robust.
The flow of biological fluids present a shear force barrier to pathogen-host interaction
(186). For example, many viruses in the process of attaching to endothelial cells experience shear
forces that affect the behavior of infection (194-196). Though CPMV is a plant virus, it can enter
endothelial cells in vivo via interaction with vimentin on the host cell (197). In addition, CPMV
has been reported to have a natural tropism to antigen presenting cells (198). These features have
made CPMV a potential nano-cargo vector for drug delivery (199). The mechanical robustness of
CPMV revealed from the results supports the protective role of the capsid and supports the use of
CPMV in nanotechnology.

5.5 MATERIALS AND METHODS

CPMV propagation and purification
Primary leaves of seven-day old cowpea plants, variety California cowpea #5 (Ferry
Morse Norton, MA), were inoculated mechanically with sap from previously infected leaves. The
virus was collected 2 weeks post infection. Leaf tissue was disrupted in a blender and centrifuged
at 10,000 g for 10 minutes to remove bulk debris. The supernatant was filtered through
cheesecloth and mixed with a 70% total volume of 1:1 chloroform/L-butanol. The mixture was
centrifuged at 10,000 g for 10 minutes to pellet precipitated material, and the top aqueous portion
was collected. A solution of 20% PEG 6000 (Thermo Fisher Scientific, Pittsburg, PA) and 1 M
NaCl (Thermo Fisher Scientific, Pittsburg, PA) was added to a final concentration of 5% PEG
6000 and 0.25 M NaCl to precipitate the virus for 1 hour. The precipitate was pelleted at 30,000
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g for 30 minutes and resuspended in 10 mM NaPO4 (Thermo Fisher Scientific, Pittsburg, PA) 140
mM NaCl pH 7.4 (Thermo Fisher Scientific, Pittsburg, PA). The supernatant was pelleted in a Ti
50.2 Beckman rotor at 45,000 rpm for 3 hours. The pellet was resuspended and loaded onto a
10%:40% w/v sucrose gradient and spun in a SW 32 Ti Beckman rotor at 28,700 rpm for 2.5
hours. The sucrose bands were collected and pelleted a second time at 45,000 rpm in a Ti 50.2
Beckman rotor at 45,000 rpm for 3 hours and resuspended in 10 mM NaPO4, 140 mM NaCl pH
7.4.
The RNA filled virus particles appear as 2 bands below the empty virus particle band in
the sucrose gradient. The lower band consists of CPMV containing RNA1, and the middle band
consists of CPMV containing the smaller RNA2. The RNA filled virus particles were collected
separately from the empty virus particles by needle puncture. The empty CPMV particles were
subjected to an additional anion exchange purification step to remove impurities that resulted
from skipping the chloroform/L-butanol step. The first of 2 anion exchange peaks were collected
and concentrated in a 100 kDa concentrator (Millipore, Billerica Massachusetts).

PEG 7500 – Biotin Attachment
Lysine reactive NHS ester PEG 7500 biotin (JenKem Technologies, Beijing P.R. China)
was reacted with CPMV at 100 molar ratio to the icosahedral CPMV subunit for 4 hours at room
temperature or overnight at 4 ºC. The virus particles were purified from the PEG – biotin linker
by size exclusion chromatography. SDS-PAGE or biotin western blots were used to monitor
linker attachments.

Negative stain transmission electron microscopy details
PEG – Biotin and unreacted CPMV particles were diluted to 0.5 mg/ml, 4 µl were loaded
onto carbon-coated grids (Ted Pella, Redding, CA), and stained with saturated uranyl acetate. The
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grids were imaged with a Techni Spirit transmission electron microscope (FEI, Hillsboro, OR) at
120 kV and imaged with a TVIPS TemCam-F224 CCD camera (TVIPS, Gauting, Germany).

Single-particle stretching by magnetic tweezers
A vertical magnetic tweezers setup (183) was utilized to pull the CPMV capsids. The
capsids were tethered between a streptavidin functionalized cover glass surface and a streptavidin
coated 2.8-µm paramagnetic bead (Dynabeads M-270 Streptavidin, Invitrogen). Force was
generated perpendicular to the focal plane, and it’s magnitude was controlled by changing the
distance between the magnets and the bead. At each magnet-bead distance, the force was obtained
based on a standard calibration curve associated with ~15% relative error. The details of the force
calibration and loading rate control can be found in previous papers (182-184).

Steered molecular dynamic simulation of coat protein unfolding
The structure of a complete CPMV capsid was obtained from Virus Particle ExploreR
(VIPERdb) (200) with PDB ID 1ny7 (178) for one asymmetric unit (one SCP and one LCP). The
structure of a complete CPMV capsid was generated purely based on its geometric symmetry,
therefore this structure may not reflect the actual arrangement between the subunits. Regardless,
the structure allowed for the examination of the unfolding process of individual subunits. The
steered molecular dynamics simulation was performed using the Gromacs package (201, 202)
with AMBER03 force field (203) in implicit solvent model (204). To reduce the computational
load, only one coat protein (SCP or LCP) and its nearest-neighboring coat proteins were included
in the simulation. Therefore, in order to maintain the topology of the capsid, the neighboring coat
proteins were frozen in the simulation. Constant forces with directions perpendicular to the
protein shell were applied to five different lysine residues respectively to induce protein
unfolding from the capsid. All the simulations were carried out at 296 K.
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6.1 ABSTRACT

Baby hamster kidney cells stressed as a result of reduced folic acid concentrations in the
media displayed a cross-species Flock House virus infectable phenotype. Viral RNA was
characterized with viral RNA and protein analysis. Reduced glutamine and fetal bovine serum
concentrations in the media confirmed that the infectable phenotype was induced by cell stress. A
wide range of input virus titer was used to control variations in virus infection, induced
endoplasmic reticulum trafficking, mitochondria structure, as well as virus progeny production,
and viral assembly. These results allow a new approach for analyzing virus/host barrier
relationships.
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6.2 INTRODUCTION

Zoonotic viral infections pose significant health problems to humans, agriculture and
wildlife. Understanding the factors that lead to this phenomenon can help to predict and defend
against such occurrences. Viruses that infect just one host, such as Smallpox (205) and poliovirus
(206) are amenable to being eradicated. However, viruses that develop reservoirs in multiple
species are more difficult to eradicate (207). Notable examples of viruses that have crossed
species barriers into humans within the past century include influenza virus, severe acute
respiratory syndrome coronavirus, Ebola virus and human immunodeficiency virus (32-35). It is
inevitable that new viral infections will emerge in human populations with a zoonotic origin.
Characterizing the factors that drive zoonotic viral infections is vital for understanding, as well as
prediction, of viral adaptation and emergence.
Flock House virus (FHV) is a useful model system for the studying of zoonosis owing to
its genetic simplicity, its ease of production, and the availability and depth of structural and
functional information (208). FHV was originally identified in New Zealand grass grubs and has
subsequently been demonstrated to infect a broad range of insects including Drosophila
melanogaster, mosquitoes, reduviid bugs, and tsetse flies, as well as cell lines derived from some
of these organisms (209-211). FHV contains a simple bipartite single stranded genome with a 3.1
kb RNA1 and a 1.4 kb RNA2 (36) and that codes for only four viral proteins(37-41). RNA1
encodes the RNA-dependent RNA-polymerase (RdRp) and produces a small subgenomic RNA3
that is synthesized during RNA replication. The subgenomic RNA3 encodes protein B1, which
has no known function, and the B2 protein with a +1 frame shift that inhibits host RNAi
responses. RNA2 codes for a single structural protein, α, that forms a 35 nm diameter, 180
subunit, T=3 virus particle that encapsidates a single copy each of RNA1 and RNA2. Following
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RNA packaging, α undergoes an auto-catalytic cleavage (required for infection) that yields β
(residues1-363) and γ (residues 364-407).
The focus of the current study was to investigate whether FHV can infect cells from
mammalian origin in order to model zoonotic viral infections. Folic acid (FA, vitamin B9), is an
essential vitamin that is modified to become a cofactor for many enzymatic reactions in cells
including methionine-homocysteine metabolism, neurotransmitter metabolism, amino acid
synthesis, thymidine synthesis, purine synthesis and DNA repair (43-46). FA deficiency in
humans causes a myriad of symptoms including anemia, neurological disorders, and cancer (212214). Under cell culture conditions, alterations in FA concentrations can lead to drastic changes in
cellular behaviors owing due to the stress caused by an insufficiency of this essential compound.
Here, modifications of FA concentration in the media of baby hamster kidney (BHK) cells
induced cellular stress with a visible phenotype including cytomegaly and a retarded growth rate.
Under these stressed conditions, BHK cells became susceptible to viral attack and can be
productively infected with the FHV. This demonstrates that modifications to typical cellular
behavior can have a significant impact on host vulnerability to new viral infections. Rendering
stressed cells infectable may facilitate the evolution of new emergent and zoonotic viruses.

6.3 RESULTS

Reduction in folate media concentration induces slowed BHK cell growth and cell
morphology change. BHK cells were passaged using standard protocols in Dulbecco’s modified
eagle’s medium (DMEM) supplemented with 8.5 µM FA (referred to as +FA), corresponding to
the normal media for this cell type. BHK cells were transferred and passaged into DMEM media
lacking folate supplementation (i.e. referred to as –FA) in order to induce a stressed cellular
phenotype. Complete –FA media contained approximately 2 nM folate, due to the presence of
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trace amounts of folate in the fetal bovine serum (FBS) supplement. Consequently, the growth
rate of the BHK cells slowed from an initial rate of one doubling per 10 hours to a negative
growth rate; with more cells dying than dividing. However, the BHK cells that survived initially
grew in size (table 6.S1) causing the population to slowly reach confluence in spite of the reduced
number of cells. Over time the BHK cells adapted to the reduced folate conditions and after 15
passages in the – FA media they grew at one doubling per 17 hours, while maintaining a
cytomegalic phenotype.
Stressed BHK cells support FHV infection and replication of viral RNA. It was
previously shown that the FHV RdRp loses activity above 31° C (40, 42), therefore, BHK cells
were moved to 28°C shortly after infection. One multiplicity of infection (MOI) requires 300
FHV virions per cell (215). Cells grown in either -FA media or +FA media were inoculated with
FHV for 6 hours at concentrations ranging from 105 to 108 virions per cell. This corresponded to
values between 333 and 333,000 times more virus than is required to infect drosophila line 1
(DL1), or Schneider 2 (S2) insect cells. Three to five days post-infection, cells were harvested
and the total RNA was extracted and analyzed by gel electrophoresis (figure 6.1a,b). FHV RNA
production was detected upon the addition of 105 virions per cell and the production of FHV
RNA increased correspondingly with the initial viral inoculum (figures 6.1a,e) up to 108 virions
per cell when BHK cells were grown at 28° C in –FA media. A small level of FHV RNA1
production was detected in BHK cells grown in +FA media (figure 6.1b) when the cells were
stressed with overgrowth (table 6.S1b). Healthy cells growing in the +FA media continued to
grow at 28°C after being infected by virus and usually overgrew during the extended coarse of
the control infection. No RNA2 or RNA3 could be detected in cells grown in +FA media.
Of note, the active replication of the viral RNA was confirmed by the presence of the
subgenomic RNA3 (387 nts) (figure 6.1a). A sufficient level of RNA3 was generated to be
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Figure 6.1: Infection Titration and Time Course, Titration and time course RNA agarose
gels and FHV coat protein western blots used to characterize infection. FHV was titrated
onto cells grown in both. A, -FA media and B, +FA media. 26S and 18S rRNA bands are
labeled to the left of the agarose gels, and FHV RNAs 1, 2, and 3 are labeled on the left or
right when present. RNA3 in panel A was gel purified from previous experiments. Cells in
panel B were infected at a higher cell density than the cells in panel. B, therefore they
overgrew more during the three day viral incubation. C, As the titer of virus increases, FHV
RNA levels increase relative to 18S rRNA for the infected cells grown in –FA media. Small
amounts of FHVBHK RNA1 production can be detected for infected cells grown in folate rich
media as a function of the overgrowth of the cells. D, Western blots detecting FHVBHK coat
protein in green and α –Tubulin in red for infection with 104 – 108 particles per cell. Lower
fluorescent signal intensity is show to visualize α/β ratios and higher signal intensities are
shown to visualize low levels of α production. E, The α/β ratio is plotted vs.
log(particles/cell) to show that increased α cleavage correlates with increasing virus input.
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detected by agarose gel electrophoresis, however, RNA3 is not packaged into virus particles (37).
Consequently, RNA3 can only be present in the cellular extracts due to productive viral RNA
replication.
FA added to the media did not have an immediate effect of inhibiting infection. There
was no difference in infectivity in the presence of FA for the duration of the six-hour inoculation.
A reciprocal experiment was performed where +FA cells were infected in the absence of FA for
the 6-hour duration of the inoculation. These cells remained resistant to FHV infection (table
6.S2). This suggested that the presence of folic acid had little or no immediate effect on the
infection of the cells, and that the process by which the cells adapted to the -FA media was
essential for the development of an infectable phenotype.
Cells were also grown in glutamine free and reduced FBS conditions to test if other
stressors could induce the FHV infective phenotype. Each of these conditions induced a stressed
phenotype (cytomegaly) (table 6.S1), and allowed for active replication of FHV RNA similar to
the –FA BHK cells.
Experiments were then performed to test for reversibility of infectivity when stress was
relieved. Stressed cells grown in -FA media for more than 10 passages were switched back to the
+FA media. The cells regained their original smaller morphology and growth rate, and infection
was only detected upon with the addition of 108 virions per cell.
FHV infection of BHK cells occurs via the endocytosis pathway. During FHV
maturation, an auto-catalytic cleavage occurs in the coat protein (α) to yield the main structural
component of the capsid (β) and a short hydrophobic peptide (γ) (216). This auto-cleavage
activates the endosomal membrane lytic properties of the γ peptide and is essential for FHV
infection in drosophila cells. Non-cleaving mutant virions of FHV can be produced
(D75N/N363T) that do not undergo maturation-cleavage of the coat protein (217). These particles
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cannot release the γ peptide, were unable to achieve membrane lysis, and consequently were noninfectious.
To test if the γ peptide was required for infection of -FA BHK cells, virions bearing the
D75N/N363T maturation defective mutations were generated as previously described (217). The
–FA BHK cells were then inoculated with 108 virus particles per cell. As expected, this produced
no detectable infection of –FA BHK cells. This demonstrated that a membrane-lytic pathway for
virus entry was necessary for genome delivery into BHK cells and suggested that the endocytoticentry pathway was conserved while switching to the new species host.
Infected –FA BHK cells produce FHVBHK particles that infect DL1 cells. Plaque
assays on drosophila line 1 (DL1) cells were performed to see if the virus made by –FA BHK
could infect insect cells. Following the purification protocol and particle quantification described
in the methods section, the FHVBHK resulting particles were found to infect DL1 cells with a
particle per plaque forming unit (pfu) that was roughly 2 orders of magnitude higher than FHV
from insect cells.
Characterization of FHVBHK coat protein production and particles. The infected
BHK cells were assayed for the production of FHVBHK coat protein. FHVBHK coat protein was
detected in the cell lysates of cells exposed to an intial inoculum of between 105 and 108 virons
per cell (figure 6.1d). Quantification of the intensity of the bands corresponding to FHVBHK coat
protein indicates that the amount of protein produced correlates well with viral RNA production.
Importantly, both the immature (α) as well as the mature (β) coat proteins were both detected.
Maturation cleavage of α to β only occurs in the context of assembled particles (218), so the
presence of β indicates that intact FHVBHK particles were produced. Using densotometry to
quantifiy the relative amounts of α and β, the ratio of α/β appeared to go down as virus input titer
rose (figure 6.1e). This indicated that FHV particle assembly was more efficient as more capsid
protein was expressed (216) resulting increased amounts of α cleavage.
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Figure 6.2: Particle Heterogeneity, A, TEM images of negatively stained samples were taken of
WT (inset at upper left) and FHVBHK particles. 27, 35, and 54 nm bars were placed below some
of the virus particles of various sizes. A solid white box was placed around the full virus
particles, and a dashed white box was placed around RNA empty particles. All black bars
represent 200 nm. B, SDS-PAGE gel containing BL, Benchmark ladder, WT FHV from insect
cells (WT), pelleted FHV from BHK cells (pel), and sucrose gradient purified FHV from BHK
cells (suc). c, Western blot with lanes WT FHV from insect cells (WT) and FHVBHK particles. D,
Models of 27 nm T=1, 35 nm T=3, and 54 nm T=7 FHV modeled capsids.
FHVBHK particles were purified to determine if assembled FHVBHK particles were
produced following infection. Inoculated –FA BHK cells were harvested, pelleted by
centrifugation and the supernatant was removed by aspiration. The cells were lysed and particles
were purified over a sucrose gradient. The purity of FHVBHK coat protein after pelleting and
sucrose gradient steps was assayed using SDS-PAGE (figure 6.2b). The purified FHV particles
were then examined using negative-stain transmission electron microscopy TEM to confirm the
presence of intact viral capsids (figure 6.2a). Intact virus particles of the expected dimensions
(~35nm) were detected and compared to FHV particles produced from Drosophila cells.
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Interestingly, in addition to the expected 35nm particles, EM images showed a heterogeneous
population of 27, 35, and 54 nm particles (figure 6.2a). These may correspond to atypical FHV
capsid assemblies, with hypothesized T=1 or T=7 triangulation symmetries. Models of T=1 virus
with 60 subunits, T=3 virus with 180 subunits, and T=7 virus with 420 subunits are shown in
figure 6.2d. The purification protocol was performed on cells that were not infected as a negative
control, and no FHV particles of any size were found.
No mutations in FHVBHK coat protein were detected. Purified FHV coat protein
produced in the BHK cells was sequenced and found to be identical to that of the input WT virus
produced in insect cells. The yield of FHVBHK coat protein dropped dramatically after pelleting of
the virus, and dropped further after sucrose gradient purification, which infers that particles
produced in BHK cells were quite unstable.
Time course of FHVBHK RNA and coat protein production in BHK cells show
evidence of persistent infection. FHV was incubated with BHK cells at 107 virions per cell for
each time point in supplemental figures 6.1a–d. RNA extracts of the whole cell lysates show that
viral RNA production can be seen 30 hours post-infection. FHVBHK RNA levels relative to 18S
rRNA continued to rise through 5 days post-infection. Infected cells were split for more than two
months under continuously infective conditions thus they displayed a persistent infection
phenotype.
The sensitivity of the western blot analysis input FHV to be detected as β at the 6 and 12
hour time points. FHVBHK α appears at 18 hours post-infection indicating that coat protein was
being translated. Unlike RNA levels, coat protein levels relative to α-tubulin leveled off and then
declined after 72-96 hours of infection.
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Figure 6.3: Mitochondrial Rearrangements, Protein A mitochondrial
structure rearrangements. a, The viral proteins are first translated. B, The
rough ER then traffics to the mitochondria. c, Mitochondria structure
reorganizes and the ER becomes smooth and pulls away from the
mitochondria. “Spikes” form in the spherules, which are depicted in
green. D, The spherules disappear, and the mitochondria aggregate with
reduced stain density.
Replication of FHV RNA on in mitochondria. Infection of BHK cells with FHV results
in highly characteristic transformations of mitochondria as they were turned into virion-producing
factories similar to what has been observed in insect cells (figure 6.3) (219, 220). To determine
whether FHV infection has a similar effect in mammalian cells, BHK cells were prepared for
TEM analysis at 0, 24, 30, 36 and 48 hours post-infection. Indeed, dramatic transformations to the
sub-cellular organelles occurred during FHV infection (figure 6.4). These changes were not
limited to the mitochondria (as observed in drosophila cells), but also affected the rough
endoplasmic reticulum (ER). At 24 hours post infection the rough ER was seen engulfing
mitochondria (figure 6.4b). At 30 hours post infection, the engulfed mitochondria had pulled
away from the ER, which appeared smooth, during a drastic morphology change from a worm
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Figure 6.4: Mitochondrial Rearrangements, Mitochondrial Replication Transmission Electron
Microscopy a, non-infected BHK mitochondria from cells grown in –FA media. B, mitochondria
at 24 hours post infection closely interacts with rough ER indicated with black triangles. C,
Mitochondria at 30 hours post infection have reorganize becoming doughnut or C shaped.
Developing spherules are indicated with white arrows and the ER now appears smooth as
indicated with a black arrow. D, Spherules were less abundant but appear uniformly round at 36
hours p.i. Spikes began to form inside spherules as indicated with black arrows.
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E

Figure 6.4: Mitochondrial Rearrangements
(continued), E, Lightly stained mitochondria
without spherules traffic/clump together.
shaped to a doughnut or C shape (figure 6.4c). Simultaneously, spherules develop on the outer
mitochondrial membrane (figure 6.4c, d) that appear closely similar to those observed in FHV
infected drosophila cells (219, 220). At 36 hours p.i., the number of spherules in continuous rows
decreased and became more rounded. Frequently the well-formed spherules contain “spikes”
(figure 6.4d) that may correspond to the “zipper” spikes seen when non-replicating RdRp was
expressed in DL1 cells (221). At this same time point, mitochondria in some cell populations
clumped together, with no evidence of spherules, and little absorbed stain (figure 6.4b,e). These
results are comparable to those obtained with BHK cells transfected only with FHV RNA1,
where comparable mitochondrial phenotypes were observed (figure 6.S3a).
A second phenotype, corresponding to “lightly infected” cells was observed where
mitochondria undergo detectable modification. At 24 hours p.i., localized, stain-resistant regions
of mitochondria appear, and the rough ER was bound proximal to these regions (figure 6.S3b).
Through 36 hours, mitochondria morphology continues to change and staining in effected regions
was further reduced (figure 6.S3c). Spherules never appeared in these lightly infected cells. Some
cells showed even smaller localized regions of the mitochondria loosing stain density (figure
6.S3d).
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6.4 DISCUSSION

Here, it was demonstrated that FHV can become infectious to mammalian cells traversing
species barriers upon stressing cultured mammalian cells with a reduced folate deficiency. The
minimum virus inoculum required to detect an infection of –FA BHK cells was 105 virions per
cell resulting in a persistent infection where the majority of the cells survived while continuing to
produce virus. This was 330 times more virus than required for an infection lethal to drosophila
cells in a 48 hour time period (222).
Entry mechanisms including receptor binding, endocytosis, and delivery of RNA into the
cytosol may affect differences between the insect drosophila cell infections. FHV entry into
drosophila cells requires the maturation cleavage of the coat protein from α to β plus γ (223) and
endocytosis (224). The γ peptide lyses membranes at pH 5, which was assumed to occur in late
endosomes. It was demonstrated that coat protein cleavage and the release of the membrane-lytic
γ-peptide was necessary for the infection of –FA grown BHK cells. Therefore, it was likely that
entry followed an endosomal uptake pathway. The details of particle entry remain unknown, but
it was clear that viral RNA was successfully delivered to the cytoplasm and undergoes
replication. The changes to the cultured cells in response to stress clearly allow for the uptake of
FHV. Without the stressed phenotype, this process would normally constitute a viral restriction
point.
By observing the cytological effect of FHV infection in BHK cells, novel organelle
reorganization was observed, most notably, involving the rough ER and mitochondria. FHV only
produces three proteins with known functions. Protein A has a mitochondrial localization
sequence (225). Viral proteins then play a role in directing the rough ER to the mitochondria 24
hours post-infection (figure 6.4b). Protein A delivery was followed by mitochondrial
reorganization with the appearance of spherules in the space between the outer and inner

132
mitochondrial membranes and large-scale morphological changes to the entire mitochondria.
Concurrently, the rough ER became smooth and disassociated from the mitochondria suggesting
that the production of membrane anchored protein A may decline as the mitochondria reorganize.
As the spherules became uniformly shaped, their numbers per mitochondria dropped (figure
6.4c). Previous studies showed that non-replicating protein A aggregated mitochondria and
produced “zippered” mitochondria structures, suggesting that replication slowed down in cells
where aggregation occurred (221). Thus, the presence of viral protein lead to ER association with
mitochondria early in infection and mitochondrial aggregation late in infection.
There was clearly a significant difference between FHV produced in DL1 cells and in
BHK cells. Conversion from α to β was strongly dependent on the infection titer (figure 6.1e) and
incubation time (figure 6.S1d) in BHK cells. The autocatalysis of α to β is dependent on coat
protein assembly (216), indicating that subunits did not form particles at low titer and at short
incubation times. The predominance of T=1 particles and debris in micrographs of virus coat
protein purified on a sucrose gradient was consistent with the lack of critical concentrations of
coat protein and viral RNA to promote proper particle assembly. Further understanding of the
properties of the heterogeneous virus population may lead to insight about how the virus behaves
and assembles (226).
Previously, the ability for a virus to jump species barriers has been attributed to viral
mutations, or immune system deficiencies (227, 228). Sequences of WT FHV and FHVBHK were
identical, so this was not the case in this study. Expression and/or post expression modification
changes in the BHK cell line due to environmental stress most likely induced the infectable
phenotype. This is the first example characterized where a cellular level adaptation to
environmental stress generates a virus infectable phenotype.
In many viral studies, conditions producing the maximum viral titer are used. These
studies, where every cell is optimally infected, miss a range of phenotypes that occur at various
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inoculation titers. This research allowed for the development of a more complete system that was
able to characterize a wider range of phenotypes through studying a cross species infection. Few
studies have been done that study the cross species barrier relationships in the context of a broad
range of cellular stresses (figure 6.5). This opens the door to a new way to analyze host / virus
barrier relationships and establishes a system to study these barrier relationships.

Figure 6.5: Persistent Infection, Virus cannot infect cells
grown in complete medium. Upon the addition of stress the
cells became vulnerable to infection. Over time the virus sets
up a persistent infection in the new host.
6.5 MATERIALS AND METHODS

+FA and –FA BHK cell propagation: BHK cells obtained as a generous gift from the
lab of Marianne Manchester were propagated in high glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) (Life Technologies, Carlsbad, CA) supplemented with 8.5 µM FA, 10% heatinactivated fetal bovine serum (FBS) (Life Technologies, Carlsbad, CA), 2 mM glutamine, 50
units/ml penicillin and 50 µg/ml streptomycin (Life Technologies, Carlsbad, C), referred to as
+FA media. The –FA media (Sigma Aldrich, St. Louis, Mo) was identically formulated to the
+FA media with the exception of supplemented folate. The concentration of FA in the –FA media
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was approximately 2 nM (229) due to the addition of 10% FBS. Cells were adapted to the –FA
media in steps. They were first split into 10% +FA DMEM and 90% -FA DMEM. Then they
were split into 1% DMEM and 99% -FA DMEM, and finally split into 100% -FA DMEM. The
cells were allowed to condition in the –FA media for a month before conducting experiments.
Schneider line 2 cell propagation: Schneider line 2 cells (S2) were grown at 26° C in 75
mm culture flasks (Sarstedt, Newton, NC) with Schneider’s media supplemented with 15% heat
inactivated FBS and penicillin/streptomycin (Life Technologies, Carlsbad, CA)(37).
FHV propagation in S2 cells: S2 cells were grown in shake flasks to a density of 2x107
cells/ml. Cells were then inoculated with 1-10 MOI, 300 - 3,000 particles per cell, and allowed to
incubate for 2 days. Particles were purified as described previously (Friesen and Rueckert, 1982)
(37). Briefly, infected cells were lysed with 1% NP-40, and cell debris was removed by
centrifugal pelleting at 10,000 g for 10 minutes. Particles from the supernatant were pelleted
through a 30% sucrose cushion in a Beckman 50.2 Ti (Life Sciences, Carlsbad, CA) rotor at
45,000 rpm (244,000 g) for 2.5 hours. The pellets were suspended and then purified on a 10-40%
w/w sucrose gradient in a Beckman SW32 (Life Sciences, Carlsbad, CA) rotor at 28,700 rpm
(140,000 g) for 2 hours.
FHV infection of BHK cells: Stressed cells were not infected until they had reached
passage 3 in their stressed media, which took at least one month. Stressed cells were grown to 75100% confluence, the media was removed and either FHV was added with fresh media at 104
through 108 virus particles per cell. Cells were removed from the plates with 0.05% trypsin 3 to
10 days p.i. The +FA cells continue to grow at 28° C, so they were infected at no more than 50%
confluence to minimize overgrowth stress.
RNA electrophoresis: BHK cells in 10 mm culture plates were released by incubation
with 0.05% trypsin and pelleted at 500 g for 5-10 minutes. The supernatant was removed and the
whole cell RNA was isolated using Qiagen spin column protocols (Quigen, Hilden, Germany).
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Extracted RNA was electrophoresed in Seakem 1% agarose gels (Lonza, Rockland, ME) in TBE
buffer, 130 mM tris, 45 mM borate, 2.5 mM EDTA, and pH 8.0.
TEM of FHV infected BHK cells: Adapted –FA BHK cells were infected with 108
particles per cell and fixed at 24, 30, and 36, and 48 hours. Samples were processed
simultaneously for examination in the electron microscope as described in Gilula et al. 1978
(230). Briefly, cells were fixed in 2.5% glutaraldehyde with 0.1 M cacodylate buffer. Cells were
then washed with PBS and postfixed in 1% osmium tetroxide and washed again in PBS. The cells
were incubated with 0.5% tannic acid, 1% sodium sulfate, washed, dehydrated in a graded
ethanol series, transitioned into 2-hydroxypropyl methacrylate (HPMA) and embedded in LX112
resin (Ladd Research, Williston, VT). Sixty nm thick sections were prepared, mounted on copper
slot grids, coated with parlodion, and stained with uranyl acetate and lead citrate for examination
on a Philips CM100 electron microscope (FEI, Hillsborough OR) at 80kv. Images were collected
using a Megaview III ccd camera (Olympus Soft Imaging Solutions, Lakewood CO).
+FA BHK cell transfection with FHV RNA: One day prior to transfection, 4 x 105 +FA
BHK cells were plated onto 35 mm dishes (Corning, Corning, NY) and allowed to grow to 80%
confluence. Immediately preceding transfection 15 µl of Lipofectamine 2000 Transfection
Reagent (Life Technologies, Carlsbad, CA) were mixed with 35 µl of serum free +FA DMEM
per plate and allowed to incubate for 5 minutes. This was referred to as Tube A. In a separate
tube, 200 ng of RNA1 was brought to a volume of 50 µl with serum free +FA DMEM. This was
referred to as Tube B. Tubes A and B were incubated for five minutes and then 50 µl from each
tube were added together and incubated for 20 minutes (Tube C). Cells were washed with PBS,
and incubated in 900 µl of serum free +FA media for 20 minutes. 100 µl of Tube C were added to
the cells in serum free media and allowed to incubate for 5 hours at 28° C. Transfection media
was replaced with complete DMEM until the cells were fixed and prepared for (TEM).
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FHV non-cleaving mutant production: FHV non-cleaving mutants (FHV-NCM) were
made following established protocols (Odegard et al. 2009) (224). Briefly, DL-1 cells in complete
Schneider’s medium were grown to 80% confluence in 6 well plates (Corning, Corning, NY).
RNA1 and D75N/N363T RNA2 were transcribed using Ambion transcription kits (Life
Technologies, Carlsbad, CA). RNA1 and RNA2 were transfected onto DL-1 cells following
Lipofectamine 2000 Transfection Reagent (Life Technologies, Carlsbad, CA) protocols. FHVNCM was harvested 48 hours p.i. and purified following protocols described above.
Li-Cor western blots: BHK cells in 10 mm culture plates were released by incubation
with 0.05% trypsin and pelleted at 500 g for 5-10 minutes. The supernatant was removed and the
cells were suspended in lithium dodecyl sulfate loading buffer (Life Technologies, Carlsbad,
CA). 5 µl of cell lysate were electrophoresed on 4-12% SDS-PAGE (Life Technologies,
Carlsbad, CA). The amount of protein in each cell lysate was normalized using densitometry, and
then electrophoresed on 4-12% SDS-PAGE for transfer to nitrocellulose membranes. The
membranes were blocked with 5% dry milk and probed with polyclonal FHV rabbit primary
antibodies and mouse monoclonal α-Tubulin primary antibodies (Sigma, St. Louis, MO). Antirabbit 800 IR dye and anti-mouse 700 IR dye (Li-Cor) were then used for secondary fluorescent
detection. The blots were imaged with a Li-Cor imager (231).
Negative stain TEM of FHV: Four µl of 0.5 mg/ml WT FHV, or FHV generated in
BHK cells (FHV) were added to a carbon-coated 400 mesh copper grid (Ted Pella, Tustin, CA)
and allowed to absorb for approximately 2 minutes. Each grid was washed 3 times with water and
blotted dry. 4 µl of saturated uranyl acetate were added to the grids and blotted dry. The grids
were imaged with a Techni Spirit transmission electron microscope (FEI, Hillsboro, OR) at 120
kV and imaged with a TVIPS TemCam-F224 CCD camera (TVIPS, Gauting, Germany).
Sequencing of FHV: Cells harvested 5 days p.i., washed, and removed from the plates
with 0.05% trypsin. RNA was obtained from whole cell lysates using Quigen RNA purification
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columns. RT-PCR was performed with One Step RT-PCR kit (Life Technologies, Carlsbad, CA).
PCR products were purified with Quigen PCR cleanup kits and sequenced by Retrogen
(Retrogen, San Diego, CA).
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6.7 SUPPLEMENTAL FIGURES
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Figure 6.S1: Infection Time Course, A, Whole cell RNA from an infection time course with
107 particles per cell produced FHVBHK RNA at 24 - 134 hours p.i. B, Plotted RNA levels for
the time course relative to 18S rRNA continue to rise through 134 hours p.i. C, Western blots
from an infection time course with 107 particles per cell began to produce FHVBHK, shown in
green, at 18 hours p.i. relative to α-tubulin levels shown in red. D, Plot of FHVBHK / α-tubulin
ratio vs. infection time peaks 72-96 hours p.i.
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Table 6.S1: BHK stress, morphology, and infectivity
Growth Condition

Infective +/-

Morphology

-

Normal

Complete DMEM,
8.5 µM FA, 2mM
Glutamine, 10% FBS

Back to normal
-FA cells back to
Reduced +

morphology and growth

+FA media
rate

No FA (-FA)

Larger cells with slowed
+

supplementation

growth rate

No glutamine

Larger cells with slowed
+

supplementation

growth rate

FBS reduction

Narrow and larger cells
+

(0.1%)

with slowed growth rate

Cells
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Table 6.S1: BHK stress, morphology, and infectivity (continued)
Growth Condition

Infective +/-

Morphology

Faint

Cells get stressed and

RNA1 +

detach from the plate

Cells

Overgrown Cells

Table 6.S2: Temperature and Strain Infection
Media (+FA/-FA)

Temperature

Strain

Infection (+/-)

(°C)

(WT/NCM)

+FA

28

WT

-

-FA

37

WT

-

-FA

28

WT

+

-FA

28

NCM

-

-FA to +FA

28

WT

+

FHV infection of BHK cells: Cells continually grown +FA media were
difficult to infect. Cells grown in -FA media were consistently infectable if
the samples were cooled to 28° C p.i. FHV non-cleaving mutant (NCM)
did not produce an infection.
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Table 6.S3: FHV Drosophila Infection vs. BHK Infection
Drosophila

BHK

Multiplicity of Infection

Optimized infection strength

Infection was detectable at

(MOI)

at a MOI=1 (300 virions/cell

MOI=330 (105 virions/cell)

(215))

and increases through
MOI=330,000 (108
virions/cell)

Cell Viability

Insect cells die and produce

Infection was persistent

CPE (211)
γ peptide function

Cleavage is essential (223)

Cleavage is essential

Particle Morphology

35 nm icosahedral particles

27, 35, and 54 nm particles

(39)
Structural cell biology of

Reformed mitochondria with

Range of mitochondria

replication

spherule formation (220).

phenotypes.
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A

B

C

D

Figure 6.S2: Mitochondrial Time Course TEM, A, RNA1 transfected BHK mitochondria
show typical spherule formation of membrane replication in infected cells. B, Local
mitochondrial reorganization in proximity to rough ER was seen at 24 hours p.i. (black
arrowhead). C, Progression of the local deformations were seen through 36 hours p.i. D,
Mitochondrial deformations that do not span the width of the mitochondria appeared at 72
hours p.i. (white arrowheads).
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