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Abstract

Viral nanoparticles (VNPs) based on plant viruses such as Cowpea mosaic virus (CPMV) can be
used for a broad range of biomedical applications because they present a robust scaffold that
allows functionalization by chemical conjugation and genetic modification, thereby offering an
efficient drug delivery platform that can target specific cells and tissues. VNPs such as CPMV
show natural affinity to cells; however, cellular uptake is inefficient. Here we show that chemical
modification of the CPMV surface with a highly reactive, specific and UV-traceable hydrazone
linker allows bioconjugation of polyarginine (R5) cell penetrating peptides (CPPs), which can
overcome these limitations. The resulting CPMV-R5 particles were taken up into a human
cervical cancer cell line (HeLa) more efficiently than native particles. Uptake efficiency was
dependent on the density of R5 peptides on the surface of the VNP; particles displaying 40 R5
peptides per CPMV (denoted as CPMV-R5H) interact strongly with the plasma membrane and are
taken up into the cells viaan energy-dependent mechanism while particles displaying 10 R5
peptides per CPMV (CPMV-R5L) are only slowly taken up. The fate of CPMV-R5 versus native
CPMYV particles within cells was evaluated in a co-localization time course study. It was indicated
that the intracellular localization of CPMV-R5 and CPMV differs; CPMV remains trapped in
Lamp-1 positive endolysosomes over long time frames; in contrast, 30-50% of the CPMV-R5
particles transitioned from the endosome into other cellular vesicles or compartments. Our data
provide the groundwork for the development of efficient drug delivery formulations based on
CPMV-R5.
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Introduction

A variety of nanoparticle platform technologies are currently being developed as the basis
for image-guided therapies.! Nanomaterials have many favorable properties that allow us to
overcome some of the limitations of current diagnostic reagents and drugs, such as short
plasma circulation times, poor solubility in aqueous media and nonspecific biodistribution.2
For example, nanomaterials have a large surface-to-volume ratio compared to traditional
delivery vehicles, which offers a greater capacity for the carriage of drugs and/or imaging
reagents. Furthermore, nanoparticles containing imaging reagents and/or drugs can be
modified with hydrophilic molecules and polymers such as polyethylene glycol to enhance
solubility and increase the plasma circulation time, and they can also be conjugated with
ligands that target specific cells and tissues.® Multifunctional delivery platforms can also be
assembled by combining the principles described above.*

In the past few years, the potential biomedical applications of nanoparticles have been
studied extensively. Nanoparticle formulations must be taken up into target cells efficiently
in order for the drug payload to be effective, and many cancer drugs also need to be
delivered to specific subcellular compartments (e.g. doxorubicin must be delivered to the
nucleus as it intercalates into nuclear DNA, and mitotic inhibitors such as paclitaxel are
effective only when they are delivered to mitochondria).® Cell penetrating peptides (CPPs),
also known as protein transduction domains (PTDs), promote translocation across
membranes and are therefore potentially valuable in nanomedicine because they allow the
efficient uptake of various cargos. Cationic CPPs contain clusters of primarily arginine and
lysine residues, e.g. the transcription factor TAT and polyarginine peptides such as the R5
peptide used in this study. CPPs have been used to facilitate the transport of cargos ranging
from small imaging molecules such as dyes to macromolecules such as avidin. Efficient
cellular delivery has been observed for several CPPs.

In addition to the delivery of small molecules, peptides and macromolecules, TAT and
arginine-rich peptides such as polyarginine have also been used successfully for the delivery
of nanoparticles. These range from 2 nm gold nanoparticles to 150 nm liposomes,
demonstrating the versatility of CPPs in different nanomedical applications.” Interactions
between cells and CPP-nanoparticles depend predominantly on electrostatic forces,
particularly interactions between positively charged peptides on the particle surface and
negatively charged proteoglycans such as heparin sulfate, which are densely clustered on the
surface of the cell.8 Arginine-rich peptides such as TAT and polyarginine promote cellular
uptake of nanoparticles via mechanisms that are under active investigation.”d,

We used nanoparticles derived from the plant virus Cowpea mosaic virus (CPMV) to
evaluate the design and engineering principles needed for an efficient cellular delivery
platform. CPMV has been studied extensively in the context of biomedical applications; it
can be regarded as the gold standard. However, many other VNP systems are currently
being developed for drug delivery and imaging applications. These include Cowpea
chlorotic mottle virus (CCMV), Hibiscus chlorotic ringspot virus HCRV), Red clover
necrotic mottle virus (RCNMV), and MS2.19 Similarly, nanoparticles based on CPMV have
been engineered and developed as vaccines, drug delivery and imaging.11 CPMV interacts
with surface-exposed vimentin, a type Il filament protein that is predominately expressed in
the cytosol of mesenchymal cells but is also found on the surface of endothelial cells and
certain cancer cell lines, thus representing a potential tumor marker.12 Although this
interaction with vimentin means that CPMV is targeted naturally to cancer cells, surface-
vimentin expression on cells is low, which means that vimentin-mediated cellular uptake of
CPMV is inefficient.13
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To overcome these limitations, we developed a strategy to decorate CPMV particles with
CPPs. Surprisingly, despite the nearly ubiquitous use of CPPs as cellular delivery agents,
their use with viral nanoparticles has not been extensively investigated.’f First, we
established optimized hydrazone ligation reactions on the CPMV surface by labeling the
VNP coat protein with benzaldehydes and coupling with a hydrazinopyridine-modified
peptide conjugate. The resulting bisarylhydrazone bond is UV-traceable and therefore
allows /n situ and real time quantitation of labeling efficiency. We analyzed the attachment
of cationic arginine-rich CPPs to the anionic virus surface, evaluating the resulting particles
in tissue culture by confocal microscopy and flow cytometry.

Results and discussion

Bioconjugation using hydrazone chemistry

CPMV particles were purified from infected black-eyed pea plants yielding 0.3—-0.6 mg
CPMV per 1 g infected leaves. The purity of the virus was confirmed based on the A260 :
A280 ratio (1.8-1.9), which indicated a pure virus preparation based on the RNA:protein
ratio. Particle integrity was also confirmed by size-exclusion chromatography (SEC).

Hydrazone chemistry has recently been applied to the CPMV platform and was shown to be
a versatile strategy allowing the decoration of CPMV with targeting ligands specific for
vascular endothelial growth factor receptor-1.11f We optimized the ligation reaction further
using the catalyst aniline, which accelerates the rate of hydrazone bond formation by two
orders of magnitude, allowing the reaction to proceed rapidly even at neutral and basic pH4
(the optimum of pH for hydrazone chemistry is 4.5).

The ligation of peptides to the particle surface via hydrazone bonds was carried out using a
two-step protocol. First, we used A-hydroxysuccinimide chemistry to modify lysine side
chains exposed on the particle surface with 4-formylbenzamide (4FB).1°> Second, the
aldehyde functional group of the peptide was conjugated to the resulting hydrazide to form a
stable hydrazone bond (Fig. 1). The efficiency of 4FB decoration was determined using the
aromatic 2-hydrazinopyridine-dihydrochloride hydrazine, which reacts specifically with
4FB-modified groups to form a UV-traceable and quantifiable hydrazone bond. The 4FB/
particle ratio was 280 + 20 4FB groups per CPMV as determined by UV/vis
spectrophotometry using the molar extinction coefficient e350 nm = 18 000M~1 cm™1. CPMV
displays 300 addressable lysine side chains;1® thus, maximum coverage with aldehyde
groups was achieved. The reactivity of the 4FB group and the optimal aniline concentration
were determined using FLAG-tag peptide. At neutral pH, hydrazinopyridines react readily
with benzaldehyde groups. With no aniline present, up to 80 hydrazone bonds were formed
after 2 h and up to 240 bonds were formed after 24 h. When aniline was added to a final
concentration of either 10 mM or 100 mM, the maximum coverage of all 300 addressable
benzaldehyde groups was achieved after just 1 h. (The number of hydrazone bonds per
particle was determined /7 situand in real time by UV/vis spectrometry using the absorption
coefficient of the hydrazone bond (e354 nm = 29 000 M~ cm™1) and the molar extinction
coefficient of CPMV (e260 nm = 8.1 71 L cm™) (Fig. S1t).) The yields were comparable to
the labeling efficiencies achieved using the more common Cu-catalyzed azide—alkyne
cycloaddition (click chemistry) protocols.1® However, an advantage of the hydrazone
protocol is that the number of labels can be determined /n situin real time.142

Attachment of the R5 peptide

Conjugation of the positively charged R5 peptide to the overall negatively charged CPMV
particles was found more challenging. We initially reacted CPMV-4FB at 1 mg mL~1 with
the R5 peptide using a 2 : 1 molar excess of hydrazinopyridine groups over 4FB groups, 10
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mM aniline and incubation for 2 h, in 0.1 M phosphate buffer at pH 7.0. Visible
precipitation of the particles occurred after 15 min and only 8% of the sample could be
recovered after filtration. UV/vis spectrometry indicated successful hydrazone bond
formation (peak = 354 nm) but also particle aggregation (elevated baseline), reflecting
bridging interactions between the positively charged peptides and the CPMV particles,
which have a net negative surface charge (detailed structural information on CPMV can be
found at http://www.viperdb.scripps.edu). Consistent with a surface neutralization cause of
aggregation, we found that mixing native CPMV particles with the R5 peptide (non-
covalent) also resulted in the formation of aggregates.

We explored a range of alternative protocols to optimize the solubility of the VNPs during
conjugation of positively charged peptides: (1) a 4-PEG spacer (PFB linker from Solulink)
was introduced to shield the particle surface and extend the peptide away from the surface;
(2) varying peptide/CPMV ratios and concentrations were tested; (3) varying incubation
times were evaluated; and (4) a range of buffers with varying ionic strengths and pH values
were explored. Details of the conditions we tested are provided in the ESI (Table S171). We
found that adjustment of the buffer, pH and salt concentration (0.1 M Tris, 10 mM NaCl, pH
9.0) enabled the production of soluble CPMV conjugates displaying up to 40 R5 peptides
per particle. Adjustment of the reaction buffer to increase the pH and adding salt
significantly decelerated the charge-dependent aggregation process, thereby allowing
controlled conjugation of the R5 peptide to CPMV. By varying the excess of R5 peptide or
linker used the density of peptides per CPMV could be controlled. Two formulations were
made and analyzed: CPMV-R5H denotes CPMV displaying 40 R5 peptides (H = high
density) and CPMV-R5L particles with only 10 R5 peptides per particle (L = low density)

(Fig. 2).

The integrity of CPMV-R5L and CPMV-R5H was confirmed using SEC (A260 : A280 =
1.8-1.9) (Fig. 2A). CPMV-R5L/H eluted from the column at a slightly larger elution
volume compared to native CPMV; this may indicate that the R5 peptide interacts with the
column material, thus slowing down the migration of the particles. We found that the
CPMV-R5L/H formulation remained structurally sound over at least one month when stored
in 0.1 M potassium phosphate buffer at pH 7.0.

The labeling efficiency was quantified using the R5-biotin tag followed by quantitative
electrochemiluminescence (ECL) dot blot analysis, confirming the presence of 40 attached
peptides for CPMV-R5H and 10 for CPMV-R5L (Fig. 2B). Conjugation was also supported
by SDS gel electrophoresis and western blotting (Fig. 2D). Both the L and S subunits of the
CPMYV coat protein were successfully labeled. Further characterization by agarose gel
electrophoresis (Fig. 2C) indicated that the R5-modified CPMV particles have a slightly
retarded mobility compared to CPMV-4FB, confirming the addition of the cationic peptide.
The mobility toward the anode increases upon introduction of the non-charged 4FB group to
surface lysine side chains, and then decreases upon labeling with positively R5 peptides.
Zeta potential measurements indicated that CPMV-R5H particles had a neutral to positive
zeta potential value 0.60 mV, Fig. 2E), whereas CPMV-R5L particles had a negative zeta
potential value (-10.47 mV, Fig. 2E). As expected, the zeta potential values of native
CPMYV particles were even lower —20.77 mV, Fig. 2E). In agreement with the UV and ECL
data, the zeta potential measurements correlated with the number of R5 peptides conjugated
to the surface of the particles.

Cellular uptake of CPMV-R5 formulations

The efficiency of CPMV-R5 particle internalization (and the impact of peptide density on
this process) was determined using a combination of confocal microscopy and flow
cytometry to study the uptake of native CPMV, CPMV-R5L and CPMV-R5H particles into
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HelLa cells, a human cervical cancer cell line. HeLa cells are an ideal model for this analysis
because previous studies have shown that CPMV binds to vimentin displayed on the surface
of HeLa cells and is then taken up by endocytosis.13 The efficiency of particle
internalization was determined by fluorescence-activated cell sorting (FACS), which
showed that CPMV-R5H particles bound and/or internalized eight times more efficiently
than native CPMV. There was only a marginal difference in efficiency between CPMV-R5L
and wild type CPMV particles (Fig. 3A), thus indicating that the ratio of the CPP per
nanoparticle carrier is relevant and uptake is more efficient at higher peptide densities (10

vs. 40 peptides per VNP).

The ratio of surface-bound and internalized VNPs was determined by treating cells
previously exposed to CPMV and CPMV-R5 formulations with the enzyme pronase (a
proteolytic enzyme and alternative to trypsinl’), to remove particles bound to the external
membrane surface. The fluorescence signal from treated and untreated samples was
comparable in both formulations, suggesting that CPMV nanoparticles and R5-conjugates
were internalized. Images obtained by confocal microscopy further supported that the
CPMV conjugates were indeed taken up by the cells (Fig. 3B). Together these studies
suggest that the CPMV-R5 particles are primarily internalized into cells. It should be noted
that using native CPMV only about 10% of the cells showed a signal; this is consistent with
findings by Koudelka et a/., who showed that CPMV uptake in mammalian cells is
dependent on surface vimentin interaction and that CPMV uptake into HeLa occurs in 6% of
the cell population.12 This suggests that CPMV-R5 formulations use a vimentin-
independent internalization mechanism.

The energy dependency of VNP internalization

To dissect the mechanism of CPMV-R5 particles in more detail, we carried out energy-
dependency and co-localization studies. To determine whether the uptake of CPMV,
CPMV-R5L and CPMV-R5H relies on energy-dependent internalization pathways, HeLa
cells were incubated with CPMV-R5 particles at 4 °C for 3 h and compared to control cells
incubated at 37 °C for the same duration. The cells were then fixed, stained and analyzed by
confocal microscopy. Lowering the temperature in this manner did not prevent any of the
three formulations interacting with the cell membrane, but none of the VNPs were
internalized, indicating that uptake is indeed energy-dependent.

Wild type CPMV particles were shown to be distributed in isolated patches across the cell
surface (Fig. 4A). The patchy membrane binding of wild type CPMV to the cell membrane
can be explained by the polarized expression pattern of surface vimentin on HelL a cells as
previously reported.1213 In contrast, CPMV-R5 particles were uniformly and ubiquitously
distributed, indicating strong interactions with abundant anionic surface proteins, heparin,
and phospholipids (Fig. 4B and C). It is interesting to note that CPMV-R5L and CPMV-
R5H both interact strongly with cell membranes, but only CPMV-R5H particles are taken
up efficiently (Fig. 4). These data taken together indicate that the presentation of R5
peptides on the CPMV surface can enhance binding to the cell surface, and CPMV-R5H
particles with their abundant cationic ligands bind and internalize the most efficiently.
CPMV particles with and without CPPs were unable to be internalized into the cell at 4 °C.
Temperature-dependent ATP depletion inhibits all endocytotic pathways (clathrin-mediated
endocytosis, caveolin-mediated endocytosis, macropinocytosis, and phagocytosis), and this
suggests that native CPMV and the CPMV-R5 formulations are reliant on endocytosis for
internalization. Our data support the conclusions of earlier studies involving a range of CPP-
conjugated nanoparticles, such as TAT quantum dots and gold particles,’®9 and CPP-
conjugated macromolecules such as TAT- streptavidin.18 In all cases, internalization relied
on energy-dependent endocytosis mechanisms.

Nanoscale. Author manuscript; available in PMC 2013 February 04.
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Cellular localization of CPMV and CPMV-R5 formulations

The internalization mechanism and pathway for nanoparticles tagged with CPPs are highly
controversial, with different studies producing inconsistent and conflicting data. These
studies implicate different endocytic pathways depending on many factors e.g. cargo size,°
cargo charge,20 peptide density? and cell line.22 Studying the fate of nanoparticles in cells
also remains technologically challenging.

We sought to determine the intracellular fate of each VNP formulation. This is an important
challenge in the field of platform design because many therapeutic compounds including
cytotoxic drugs and siRNAs are only active when they accumulate in the appropriate
subcellular compartments.”f The fate of CPMV-R5 following internalization therefore
affects the potential therapeutic efficacy of any drug compound conjugated to or
encapsulated within it. We analyzed the subcellular fate of the different VNP formulations
by carrying out confocal microscopy co-localization studies using the following specific
intracellular markers: (1) transferrin, a marker of clathrin-mediated endocytosis; (2) the
early endosomal marker EEA1L; and (iii) the lysosomal marker Lamp-1. Previous studies
have shown that native CPMV particles become trapped in the endolysosomal compartments
and co-localize with Lamp-1.23 Our experiments showed that the VNPs were not co-
localized with either EEAL or transferrin (Fig. S21), but provided clear evidence for co-
localization with Lamp-1 (Fig. 5). Previous studies on CPP-mediated cell delivery suggest
that arginine-rich peptides internalize v7a lipid rafts but not v/a clathrin-dependent
endocytosis, "M which is in good agreement with our observation that CPMV-R5 particles do
not co-localize with transferrin.

It is unclear which specific endocytic pathways are responsible for the uptake of CPMV, and
multiple pathways may be involved. Clathrin-coated vesicles, caveosomes and
macropinosomes can fuse with early endosomes for endosomal sorting. As endocytic
compartments mature, a number of proteins in addition to EEAL are recruited in a time-
dependent manner.24 Because early endosomes are not the final cellular destination of the
particles, the minimal co-localization with EEA1 may indicate that the particles pass through
early endosomes rapidly.

Native CPMV particles have been shown to co-localize with Lamp-1 over long time
frames, 23 and our data confirmed that both CPMV and CPMV-R5L behaved in the same
manner; CPMV-R5H showed faster internalization kinetics (Fig. 5). Z-stacked images were
reconstructed and a detailed three-dimensional image analysis was performed using ImageJ
and Imaris software. Statistical analysis using Student’s £distribution test showed that 70%
of the CPMV-R5H and CPMV-R5L particles and 90% of wild type CPMV particles (p <
0.05) co-localized with Lamp-1 (#= 120 min). The differences between the formulations
were found to be statistically significant (fewer CPMV-R5 particles co-localized with the
endolysosomal compartment). This phenomenon became more apparent at later time points.
At £=180 min and 300 min post-inoculation, only 50% of CPMV-R5H particles co-
localized with Lamp-1 (Fig. 5C). Further characterization of CPMV-R5 translocation at late
time points (£= 10 h post-inoculation) showed similar results. Significantly more CPMV-
R5H particles were internalized compared to CPMV-R5L and native CPMV, and a lower
proportion (20% fewer) of these particles were retained within the endolysosomes. The hazy
signal of CPMV-R5H in near proximity to and around the endolysosomes may suggest
endolyosomal escape; this is particularly apparent at late time points (Fig. 5A, CPMV-R5,
10 hours).

In summary, our data indicate that CPMV-R5H conjugates are efficiently taken up by HelLa
cells viaan energy-dependent mechanism, co-localize at least partially with Lamp-1 marker
of endolysosomes, and are detectable within cells over long time periods. The intracellular
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fate of CPMV-R5H differs compared to native CPMV. 90% of native CPMV particles
appear trapped within Lamp-1 endolysosomes, uptake is inefficient and only negligible
amounts of particles are detectable only 10 hours post-inoculation.

It is understood that CPPs promote efficient cellular uptake via electrostatic binding to the
negatively charged cell membrane. A combination of cellular entry mechanisms may be
involved depending on the cell line, carrier system, and CPP used. Some studies have
indicated endolysosomal escape mechanisms and translocation of the cargo into the
cytoplasm.5 However, the study of these phenomena remains technologically challenging;
fixatives such as methanol or paraformaldehyde can lead to artifacts.2° Further, the
disappearance of CPP-delivered nanoparticles from one particular vesicle type (here Lamp-1
stained endolysosomes) does not exclude the probability that the nanoparticles could have
been sorted into another type of vesicle (rather than translocated into the cytoplasm).
However, the fluorescence signal of CPMV-R5H appears to be more diffused compared to
native CPMV (Fig. 3 and 5); the hazy signal around the endolysosomes at late time points
may indeed indicate partial endolyosomal escape. 3D image analysis indicated that a lower
proportion (20% fewer) of CPMV—-R5H were retained within the endolysosomes. At longer
times following VNP addition, the fluorescence in the cells does become more diffuse which
is consistent with some cytoplasmic delivery of the VNP (Fig. 5).

Studying of the fate of CPMV formulations in cells remains challenging. We explored the
use of pH-sensitive dyes to gain further insights into the intracellular localization of CPMV,
but the resulting data were inconclusive. Co-localization studies using Lamp-1 and confocal
image analysis indicate that: (1) CPMV-R5H particles enter cells with high efficiency; (2)
CPMV-R5H particles may enter the cell using an alternative internalization pathway that
bypasses the endolysosomes such as caveolae-mediated endocytosis or macropinocytosis?4
and reside in Lamp-1 negative vesicles; and (3) some CPMV-R5H particles may translocate
into the cytoplasm or vesicles that do not contain Lamp-1. The observation that the particles
reside inside the cells over long time frames in high concentration is interesting and may
provide a platform for sustained release drug delivery system.

Conclusions

Protein-based nanoparticles such as CPMV have many properties that are beneficial for
image-guided therapy, /.e. they are biocompatible, non-infectious in humans and extremely
robust, and their structure is easily controlled by both chemical conjugation and genetic
engineering. These features allow the creation of multifunctional platforms that combine
targeting with sensitive imaging reagents and/or efficacious drugs for the treatment of
cancer. A key challenge in the field of nanoparticle platform technology development is the
control of intracellular fate once the particle has been taken up into the target cell. To
address this challenge and design VNP formulations for efficient intracellular delivery, we
made use of a CPP carrying a strong positive charge (the R5 peptide) by establishing
hydrazone ligation chemistry as a simple and straightforward bioconjugation method. After
careful optimization, this allowed CPMV particles to be loaded with up to 40 R5 peptides.
Detailed /n vitro studies using flow cytometry and confocal microscopy showed that VNPs
with densely arrayed cationic peptides promoted intracellular targeting, increasing the
number of particles taken up into HeLa cells by endocytosis. Quantitation of the
colocalization of CPMV with endolysosomal markers suggests that the CPMV-R5H
particles are escaping the endolysosomes, consistent with delivery to other cellular
compartments or the cytoplasm. Our data provide the basis for the development of efficient
drug delivery formulations that can be targeted to specific intracellular compartments.
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Materials and methods

Peptide synthesis

The biotinylated 6-hydrazinopyridyl FLAG peptide was synthesized on a Waters Delta Prep
4000 preparative chromatography system using a Phenomenex Jupiter 10p Proteo 90 A (250
x 21.2 mm) column for separation as previously described.142 Analytical chromatography
was carried out using a reversed-phase HP050 HPLC system with a Phenomenex Prodigy 4u
90 A (250 x 4.60 mm) column for separation. Electrospray ionization mass spectrometry
(ESI-MS) was performed on a SCIEX API-I single quadruple mass spectrometer. The Boc-
R(Tos)(R(T0s))4Gly,K(Fmoc)-MBHA resin was synthesized manually using solid phase
peptide synthesis (SPPS) and an /n situ neutralization/1 H-benzotriazolium-1-
[bis(dimethylamino)methylene]-5-chloro-hexafluorophosphate-(1-),3-oxide (HCTU)
activation procedure for Boc chemistry on a p-methylbenzhydrylamine (MBHA) resin (0.59
meg. g~1).26 Biotinylated 6-hydrazinopyridyl-polyarginine peptide (0.1 mmol scale) was
synthesized by removing the Boc group of Boc-R(Tos)(R(Tos))4Gly,K(Fmoc)-MBHA
with trifluoroacetic acid (TFA) (2 x 1 min). The N-terminus was then biotinylated with 61
mg (0.25 mmol) biotin using the /n situ neutralization/HCTU activation procedure (454 pL
0.5 M HCTU in DMF, 114 pL DIEA) (45 min). The resin was washed with DMF and the
Fmoc side chain protecting group of the C-terminal lysine residue was removed on the resin
by treatment with 20 vol% piperidine in DMF (4 x 3 min) followed by a DMF flow wash.
Finally, 0.1 mmol (25 mg) 6-Boc-HNA was added to 0.1 mmol PyBOP® and 0.12 mmol (¢
=0.742 kg L™1, 21 uL) DIEA in 1 mL of DMF and the mixture was added to the resin (45
min). The resin was washed with DMF and the Boc group was removed with TFA (2 x 1
min). The resin was washed with DMF and DCM and dried under vacuum. The peptide was
cleaved from the resin by HF using 4 vol% anisole as a scavenger. After lyophilization,
biotinylated 6-hydrazinopyridyl-polyarginine peptide was purified by RP HPLC (gradient:
5-30% 9 : 1 v/v MeCN/H,0 in H,0, 0.1 vol% TFA for 80 min; flow: 20 mL min~1). 2:
ESI-MS calcd for CggH199N30011S ([M + H]+)§ 1401.7, found 1401.0 £ 0.7.

Propagation and isolation of CPMV particles

Cowpea plants (Vigna unguiculata) were inoculated with 20 ng L=t CPMV in 0.1 M K-
phosphate buffer (pH 7.0) and propagated for 18-20 days using established procedures.?’
Virus concentration in plant extracts was determined by UV/vis spectrometry (e = 8.1 mL
mg~1 cm™1) and virus integrity was determined by size exclusion chromatography (see
below).

Labeling CPMV lysine residues with 4-formylbenzamide

CPMV particles (final concentration 2 mg mL™1) were incubated with 4FB succinimidyl
ester (Solulink) at a 10 : 1 molar excess per amine side chain of DMSO in 0.1MK-phosphate
buffer (pH 7.0) for 2 h at room temperature, with agitation. The final DMSO concentration
was adjusted to 10% of the final reaction volume. CPMV-4FB conjugates were purified
using 10 kDa cutoff spin columns (Millipore) and stored at 4 °C.

Quantification of 4FB labeling efficiency

The 4FB labeling efficiency was determined using the Solulink 4FB molar substitution
protocol (MSR), in which 0.1 mg of 4FB-modified CPMV particles were mixed with a 0.5
mM solution of 2-hydrazinopyridine-2-HCL (2-HP) prepared in 0.1 M phosphate buffer (pH
7.0). The reaction was incubated at room temperature for 2 h and analyzed by UV/vis
spectrophotometry. The number of 4FB labels per particle was calculated using the bond-
specific extinction coefficient (e350 nm = 18 000 M~1 cm™1).
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Modification of CPMV—-4FB with the biotin-FLAG-hydrazide

CPMV particles modified with 4FB were diluted to a concentration of 1 mg mL™1in 0.1
mM phosphate buffer and mixed with a 1.7-fold molar excess of the biotin-FLAG-
hydrazide in a reaction containing 10 mM aniline catalyst. After incubating for 2 h at room
temperature, the samples were purified using 10 kDa cut-off spin columns and stored at 4
°C. The resulting hydrazone bonds were quantified by UV/vis spectrometry using the bond-
specific extinction coefficient (e354 nm = 29 000 M1 cm™1).

Modification of CPMV—4FB with the biotin-R5-hydrazide

CPMV particles modified with 4FB were diluted to a concentration of 0.5 mg mL™1in 0.1
M Tris—HCI buffer (pH 9.0) containing 10 mM of the aniline catalyst, and mixed with the
biotinylated R5-hydrazide prepared in water at a concentration of 10 mg mL™1 (1.2-fold
molar excess). The reaction was carried out at room temperature for 35 min. The reaction
mix was subsequently centrifuged at 14 000 rpm (Eppendorf 5400 microfuge) for 10 min in
order to clear the reaction mix of aggregated particles. The supernatant was purified using a
10 kDa cut-off spin column and the particles were stored in 0.1 M phosphate buffer (pH 7.0)
at4°C.

Size exclusion chromatography (SEC)

All labeled particles were analyzed by SEC using a Superose 6 column on the AKTA
Explorer chromatography system (GE Healthcare). Concentrated samples (100 pL of 1 mg
mL~1) were analyzed at a flow rate of 0.4 mL min~2, using 0.1 M potassium phosphate
buffer (pH 7.0).

Gel electrophoresis

CPMV, CPMV-FLAG, CPMV-R5L and CPMV-R5H particles were analyzed by
denaturing and native 0.8% agarose gel electrophoresis in 1x TBE buffer with 0.5x TBE as
the running buffer (10 ug per lane). After separation the native gel was stained with
Coomassie Blue and photographed using FluorChemSP imaging system. Protein subunits
were analyzed on denaturing 4-12% NuPAGE gels (Invitrogen) using 1x MOPS buffer
(Invitrogen). After separation, the gel was stained with Coomassie Blue and photographed
using FluorChemSP imaging system or processed for western blotting (see below).

Western blotting

To detect biotinylated particles, CPMV, CPMV-FLAG, CPMV-R5L and CPMV-R5H were
analyzed by western blot using electrochemiluminescent probes. We separated 5 g samples
on a 4-12% NuPAGE Bis-Tris gel using MOPS buffer, and the separated proteins were
transferred onto methanol-activated PVDF membranes using NUPAGE Transfer Buffer
(Invitrogen). The membranes were blocked at room temperature for 1 h using 0.1 M PBS
(pH 7.4) containing 5% w/v skimmed milk powder, and the particles were detected with
alkaline phosphatase-conjugated streptavidin (Sigma-Aldrich) (1 : 1000 in TBS containing
0.05% (v/v) Tween 20). Alkaline phosphatase activity was detected using the NCIP/NBT
liquid substrate system (Sigma-Aldrich) according to the manufacturer’s instructions. To
determine the number of biotin labels per particle, 1 uL samples were immobilized on
nitrocellulose membranes, which were blocked at room temperature for 1 hin 0.1 M PBS
(pH 7.4) containing 5% (w/v) skimmed milk powder. The biotin was detected using
horseradish peroxidase-conjugated streptavidin (1 : 1000 in TBS containing 0.05% (v/v)
Tween 20), and the horseradish peroxidase activity was detected using SuperSignal West
Pico Chemiluminescent Substrate (Pierce). The electrochemiluminescent signal was
visualized and the number of biotin labels was calculated using biotin standard solutions on
the BioRad ChemiDoc XRS system.
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Zeta potential measurements

Wild-type CPMV (1.5 mL of a 0.04 mg mL~1 solution) and CPMV-R5H/R5L (1.5 mL of a
0.08 mg mL~1 solution) were dispersed in 100 mM potassium phosphate buffer (pH 7) and
the zeta potential was measured using a 90 Plus zeta potential analyzer (Brookhaven
Instruments Co., USA) with five measurements, each comprising 10 runs.

Cell cultures

Cells were grown and maintained in minimal essential medium (MEM) supplemented with
10% (v/v) heat inactivated fetal bovine serum (FBS), 1% (v/v) .-glutamine and 1% (v/v)
penicillin—streptomycin at 37 °C in a 5% CO, humidified atmosphere. All reagents were
obtained from Gibco.

Confocal image analysis

Confocal images were obtained by seeding 100 pL of HelLa cells (1 x 106 cells per mL) on
glass-bottomed Petri 35 mm dishes and adding wild-type CPMV, CPMV-R5H and CPMV-
R5L particles prepared at a ratio of 1 x 10 particles per cell. The mixtures were incubated at
37 °C for different durations and then fixed/stained at room temperature as follows: (i) cells
were fixed in 4% paraformaldehyde and 0.3% glutaraldehyde in DPBS (pH 7.2 for 5 min);
(ii) cell membranes were stained with Alexa Fluor 488-conjugated wheat germ agglutinin
(Invitrogen; 1 : 500 for 1 h); (iii) cells were permeabilized with 0.2% Triton-X 100 in DPBS
for 2 min; (iv) the cells were blocked with 10% goat serum for 1 h; (v) CPMV was stained
using a rabbit anti-CPMV antibody (1 : 500) for 1 h followed by a goat anti-rabbit Alexa
Fluor 555 or Alexa Fluor 647-conjugated antibody (Invitrogen) for 1 h; (vi) early endosomes
of endolysosomes were stained using mouse anti-EEAL or mouse anti-Lamp 1 antibodies
(Invitrogen; 1 : 500) for 1 h followed by Alexa Fluor 555 or Alexa Fluor 647 conjugated
goat anti-mouse antibodies; and (vii) cell nuclei were stained using 4”,6-diamidino-2-
phenylindole (DAPI) (1 : 9500) for 10 min. Slides were mounted using Vecta Shield
mounting medium. Confocal images were obtained using a Biorad 2100 confocal
microscope with a 60x oil objective. Images were created using ImageJ software.
Colocalization analysis was performed using single plane images. 8 ROIs showing
representative cells for each internalization study were analysed using a Zeiss LSM
examiner. The weighted colocalization coefficient was used to quantify particle co-
clustering with endolysosomal markers.

Fluorescence activated cell sorting (FACS)

To quantify the intracellular uptake of the different formulations, HeLa cells were collected
using enzyme-free Hank’s based Cell Dissociation Buffer and distributed in 200 pL aliquots
at a concentration of 5 x 106 cell per mL in VV-bottom 96-well plates for FACS analysis. We
added 1 x 10° VNPs per cell and incubated the preparations for 3 h at 37 °C. To confirm
whether CPMV particles were internalized or merely bound to the surface, cells were
exposed to 0.1% (w/v) pronase in DPBS for 15 min at 4 °C in order to strip off surface
particles. The cells were washed three times in DBPS and fixed in 2% (v/v) formaldehyde
for 10 min in DPBS at room temperature. CPMV particles were stained using a rabbit anti-
CPMV antibody (1 : 1000 in FACS buffer), 7.e. DPBS supplemented with 0.5% (v/v)
saponin, 25 mM HEPES, 2 mM EDTA and 1% FBS followed by a goat anti-rabbit
secondary antibody conjugated to Alexa Fluor 647 (1 : 2000 in FACS buffer). Cells were
washed with FACS buffer between steps and centrifuged three times at 500 x g. Cells were
resuspended and analyzed using a FACS LSM Il instrument. At least 10 000 gated events
were recorded. Experiments were repeated at least twice and triplicates of each sample were
measured. Data were analyzed using FlowJo 8.6.3 software.
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Energy dependency studies

We seeded 100 L of HeLa cells (1 x 10° cell per mL) on 35 mm glass-bottomed Petri
dishes, and added the three CPMV formulations at a concentration of 1 x 106 particles per
cell. The mixture was incubated for 3 h at either 4 °C or 37 °C and differences in the
efficiency of particle internalization were determined by immunostaining as described
above.
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Fig. 1.

(A) Structure of CPMV; surface rendered model highlighting the asymmetric unit consisting
of the S protein (green) and L protein (blue). (B) CPMV asymmetric unit; reactive Lys side
chains are highlighted in red. (C) Bioconjugation of CPMV with 4FB followed by reaction
with R5 peptide.
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Characterization of CPMV labeling with the biotinylated R5 peptide. (A) Size exclusion
chromatography of wild-type CPMV, CPMV-R5L and CPMV-R5Hat 280 nm. (B) ECL dot
blot of purified CPMV particles. The number of biotin labels per particle was determined
using standardized biotin concentrations and Chemidoc XRS software. (C) Native gel
electrophoresis of intact CPMV particles (10 pg) using a 0.8% (w/v) agarose gel. Particles
were visualized under UV light. Lane 1 = CPMV, 2 = CPMV-4FB, 3 = CPMV-R5H, 4 =
CPMV-PFB, 5 = CPMV-R5L. (D) SDS-PAGE of CPMV particles (10 ug) using a 4-12%
Bis-Tris gel and western blotting using streptavidin—-alkaline phosphatase to detect the N-
terminal biotin tag of the R5 peptide. (E) Zeta potential of CPMV wild type, CPMV-R5L

and CPMV-R5H formulations.
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Uptake of VNPs into human cervical cancer cells (HeLa). (A) Evaluation of particle uptake
by flow cytometry. Cells were either untreated or treated with 0.1% (w/v) pronase for 3 h.
Experiments were conducted using 10° CPMV particles per cell and repeated at least twice;
triplicate samples were analyzed, such that 10 000 events were recorded. (B) Fluorescence
confocal microscopy of HeLa cells and CPMV formulations (red). Cell membrane is labeled
with wheat germ agglutinin (green), and nucleus is labeled with DAPI (blue). Single plane
images were analyzed using ImageJ.
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Fig. 4.

Temperature/energy-dependent uptake of CPMV formulations. Confocal microscopy of
HelLa cells and CPMV formulations (red). The cell membrane is labeled with wheat germ
agglutinin (green), and the nucleus is labeled with DAPI (blue). Scale bar = 10 um. Cells
were incubated for 3 h with 108 VVNPs per cell at 4 °C (left) or 37 °C (right). (A) CPMV, (B)
CPMV-R5L, (C) CPMV-R5H. Imaging was performed using a Biorad 2100 confocal
microscope with a 60x oil objective. Images were analyzed using ImageJ.
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Subcellular fate of CPMV formulations in HeLa cells studied by confocal microscopy.
CPMV formulations (red), endolysosomes are labeled with Lamp-1 (green), and nuclei are
labeled with DAPI (blue). The overlay of endolysosomes and VNP signals is shown in
yellow. (A) Time course and translocation of CPMV formulation over 10 hours. Scale bar =
10 um. Images were analyzed using ImageJ. (B) Three-dimensional reconstruction of =
sectional data at time point 120 min. Images were recorded at a step size of 0.3 um. Data
were reconstructed using Imaris software. Scale bar = 1 um. (C) Colocalization analysis of
eight representative cells for each CPMV formulation showing the percentage of total
internalized CPMV particles colocalizing with the endolyosomes, error bars represent the
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averages values of standard deviations of all analyzed cells. Co-localization analysis was
performed using LSM Examiner software.
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