ABSTRACT
WANG, RUQI. Formulation and Characterization of Plant Virus Nanoparticles that Target
Tumor Cells. (Under the direction of Stefan Franzen).

Nanotechnology has been extensively applied in tumor cell targeting and drug
delivery. Plant viruses represent a class of nanoparticles that has unique advantages of low
toxicity, uniform shapes and robust capsid proteins (CP). This research is mainly focused on
constructing Plant Virus Nanoparticles (PVN) based on Red Clover Necrotic Mosaic Virus
(RCNMYV). RCNMYV has T=3 icosahedral symmetry and is composed of 180 subunits. One
distinctive characteristic of RCNMYV is that under the removal of divalent cations, the CP
subunits are rotated, which leads to the formation of pores throughout the CP. The pore
formation is reversible and thus can be taken advantage of for drug infusion.

The CP of RCNMYV can be conjugated with peptides for the purpose of targeting
cancer cells. The conventional method of conjugation is to use the bifunctional linker
sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (sulfo-SMCC) to link
lysines on the CP and cysteines on the targeting peptide. A detailed mass spectrometry (MS)
analysis was conducted on these peptide conjugated PVN. The results indicate extensive
peptide modifications on the R domain, and various unwanted modification of the linker,
hydrolyzed linker and intra-peptide crosslinks. In view of the issues brought by the sulfo-
SMCC linker, an alternative strategy of using maleimide peptide was proposed. The
maleimide peptide directly conjugates to the cysteines on the CP and reduced redundant
modifications. MS analysis on the new PVN revealed that one out of the five cysteines was

modified with the maleimide peptide.



Besides the conventional chemical modification, other attempts with innovative
approaches to functionalize the CP of RCNMV were carried out. One approach was to
genetically insert a targeting peptide sequence to have it displayed on the loops or C-terminus
of the CP. A total of 20 mutants were designed and tested, and only one of them successfully
produced intact virion in plants. This particular mutant was with insertion of an RGD
sequence at C-terminus. By comparing it to the native RCNMYV, it was concluded that the
mutant RCNMV was a T=I1 virus, and consequently incapable of being used for infusion.
Unfortunately, the mutant RCNMYV did not show increased signal over the control in a cell
delivery experiment.

A second approach consisted of using a scaffold protein specified as RCNMV
binding protein (RBP). RBP was screened from a library of Sso7d mutants by our
collaborator, Dr. Balaji Rao. The RBP has a moderate affinity to RCNMV. Because of the
need for higher affinity in cell delivery experiments, two tandem RBPs were constructed and
denoted as RBP-eGFP-RBP and RBP-RBPe-GFP. However, the binding affinities of the
tandem RBPs were even weaker than those of singular RBP. In order to determine the reason
for the decreased affinity, the binders were built virtually and subjected to molecular
dynamics (MD) simulations. While the binding seemed geometrically feasible, a hypothesis
was suggested that the two RBPs tend to form intra-molecular dimers given their proximity
in the tandem binder constructs. The hypothesis was later confirmed by MD simulation.
Further, the simulation tool was applied to a well-characterized system: the Fc part of human
immunoglobulin and its binders in order to validate the method. A possible solution to the
dimerization problem is to introduce partially rigid linkers, as to keep the binders apart while

offering sufficient flexibility to permit both binding proteins to bind to their targets.



In addition to RCNMYV, studies were also conducted on two other plant viruses.
Under certain circumstances, Turnip Yellow Mosaic Virus (TYMV) can form an empty shell
with a large opening, named artificial top component (ATC). Infusion and capping of the
opening on ATC were attempted. Geminiviruses were used to construct vectors for the
purpose of gene delivery and silencing. Unfortunately, the goals of formulating PVN based

on these viruses were not achieved.
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CHAPTER 1

Background: Cancer Cell Targeting and Plant Viruses



Targeting of cancer cells

Cancer cells can be induced by mutations caused by endogenous and exogenous DNA
damage, DNA replication errors and mistakes that arise from somatic recombination'. As a
result, the regulation of cell cycle is altered and the cell will undergo uncontrolled division®.
Cancer cells can quickly multiply by acquiring nutrient supply from their surroundings. Over
time their growth will displace healthy cells and a tumor mass is formed®. The tumor mass
can continue growing until it reaches the diffusion limit, about 2-3 mm® in size, where it can
exist at steady state based on the balance of its cellular proliferation and death rate®.
However, the balance can be upset by the trigger of “angiogenic switch”, which causes
angiogenesis that creates new blood vessels to provide nutrient and oxygen, and result in
oversize tumor growth®. In parallel with the growth of a tumor, cancer cells can become
mobile. This process is known as metastasis, where cancer cells disassemble from tumor
mass and enter blood vessels or lymphatic systems to migrate to other tissues.

The targeting of tumor cells can be approached based on various characteristics that
distinguish tumor cells from normal cells. For instance, tumor vasculature has deficient
pericytes, abnormal basement membrane formation and a high portion of defective
endothelial cells, which makes them hyperpermeable’. Moreover, a tumor mass lacks
functional lymphatic systems, which results in elevated hydrostatic pressure in its enlarged
interstitium compared to healthy tissues®. The leaky vasculature and poor lymph give rise to
the enhanced permeation and retention effect (EPR effect)’. The EPR effect is the basis for a
general targeting by macromolecules, in that macromolecules such as proteins, nanoparticles

in blood plasma can easily leak into the tumor tissue and are retained there’. In addition,



cancer cells often overexpress specific surface receptors or antigens that can be used for

targeting’.

Angiogenesis related targeting

Angiogenesis, as mentioned above, is a significant process in tumor development, and
thus has been the subject of intense targeting research. The formation of new blood vessels
contains the steps of invasion of basement membrane, migration and proliferation of
endothelial cells and finally expansion to a network®. The process is promoted by pro-
angiogenic factors such as vascular endothelial growth factor (VEGF), basic fibroblast
growth factor and platelet-derived endothelial cell growth factor (PD-ECGF)’. Among these
factors, VEGF is probably the most studied growth factor. It helps tumor vasculature grow
and become permeable, and stimulates activators necessary for endothelial cell migration” '°.
VEGEF have been found expressed in many types of tumors such as lung, kidney, breast and
ovary''. Due to the significant relevance to tumor angiogenesis and overexpression in tumor

endothelial cells, VEGF and VEGR receptors have been used as targets to decrease the

binding of one to another'”. The antibody drug Avastin® was designed to target VEGF to
block the binding, and reduce tumor blood vessels. Negative regulators of angiogenesis can
also be used as potential targets. A couple of endogenous inhibitors have been identified,
although many of their mechanism and roles in angiogenesis remain unknown, several of

them are being considered in clinic as potential therapeutic drugs'.



Structural targeting

Integrins also play an important role in angiogenesis. One of the examples is of33
integrin, as an endothelial cell receptor overexpressed on neovascular endothelial cells, it
helps endothelial cells’ adhesion to extracellular matrix (ECM) for their migration'.
Particularly, the expression of a,B3; dimer indicates angiogenesis in wound healing and
growth of tumor blood vessels''. a,B3 integrin can be recognized by motifs containing Arg-
Gly-Asp (RGD) sequence, which is often applied in constructing targeting tools towards the
integrin itself'*. For instance, Arap et.al.,, have developed a peptide containing RGD
sequence coupled with Doxorubicin (Dox), and the results showed enhanced drug efficiency
and lower drug toxicity in mice with human breast cancer xenografts'’. Nasongkla et.al.,
constructed micelles with Dox and cyclic RGD peptide, and showed that the conjugation of
cRGD ligand improved internalization'®.

Another structural protein family that is thought to be involved in tumor development
is the cadherin superfamily. Those are transmembrane adhesion proteins and they establish
homophilic neighboring cell-cell contact by Ca*" binding and template matching'’. Recent
studies also show that cadherin induced contacts that can provoke several signal pathways,
for instance, Rho family GTPases, Wnt signaling and receptor tyrosine kinase signaling'®.
Cadherins are expressed in most tissues, but there are several different forms of them. For
example, E-cadherin, the best characterized Cadherin, is expressed in epithelia. On the other
hand, N-cadherin mainly exists in neurons, fibroblasts and during embryogenesis, and R-
cadherin is found in retina'’. Most human cancers arise from epithelial tissue, while in

majority of those tumor cells, E-cadherin is much less expressed, and as a result, the cell-cell



adhesion is lost*®. However, the expression of N-cadherin is upregulated in some cases,
which has been shown to help with cell motility and invasion®'. This process is known as the
cadherin switch.

The pro-invasive N-cadherin thus can serve as a target of tumor progression'.
Blaschunk et.al., discovered that synthetic peptides containing HAV (histidine-alanine-
valine) sequences can be recognized by N-cadherin and inhibit cadherin-dependent
processes™>. Williams et.al, has studied short cyclic HAV peptides that can inhibit N-cadherin
function and discovered that the flanking amino acids of HAV motif are critical to its
effective inhibition®. The first such targeting peptide named ADH-1 has been developed by
Adherex technologies and has showed some promise in clinical trials. However, those
clinical trials ended without reaching FDA approval. The current state of HAV research is
limited, despite the promising initial results. Adherex was dissolved and the technology is not
being developed commercially at this time. It has been shown that ADH-1 can inhibit cell
motility and invasion and may even be effective in blocking tumor angiogenesis without

. . . .21
damaging mature vessels in animal studies

. For example, for pancreatic cancer,
particularly, ADH-1 induced apoptosis in cancer cells and significant reduction in tumor

growth and lung metastasis in a mouse model**. Results of human clinical trial shows that the

treatment of ADH-1 suppressed melanoma tumor growth combined with melphalan®.

Receptor targeting
Epidermal growth factor receptors (EGFR) are receptor tyrosine kinases (RTK) that

regulate cell signaling pathway for proliferation and differentiation, which is thus highly



related to cancer cell progression®®. The members of EGFR consist of EGFR (or
ErbB1/HER-1), ErbB2/HER-2, ErbB3/HER-3 and ErbB4/HER-4. In particular, EGFR and
ErbB2 (also known as HER-2) are upregulated in cancers. Their activation ligands include
EGF, transforming growth factor-o. (TGF o) and others®’. The four family members share
similar structures composed of an extracellular binding region (containing domains I to IV), a
transmembrane domain and an intracellular tyrosine kinase domain adjacent to
transmembrane and regulatory region®. In the activation process, EGF promotes the
dramatic conformational change of EGFR, which result in its dimerization by receptor-
receptor interaction in I domains, and the EGFs end up docking between I and IIT domains®.
However, unlike the other members, the conformation of HER2 is fixed in an activated state
ready to dimerize with other receptors even without ligand binding™.

The activation of EGFR causes phosphorylation of particular tyrosine residues in the
intracellular domain, which is bound by proteins containing Src-homology 2 domains (SH2)
and activates more complex downstream signaling before finally reaching the nucleus where
the cell cycle is mediated®’. In most cancer cells, the regulation of this signaling network is
interrupted and the network is highly activated by various mechanisms®'. The EGFR family
has been found to be connected to carcinogenesis and tumor propagation with clinical
studies. Although all the mechanisms are not the same, EGFR overexpresses in many
human cancer cell types. For instance, 100% of head and neck tumors have EGFR
overexpression, followed by pancreatic and renal tumors and many other types*’. However,
the overexpression of HER-2 is somewhat restricted to breast and ovarian cancers, which

. . . 33
account for one-third of all cancers occurring in females™.



Clinic studies have been focused on developing monoclonal antibodies (MAbs) and
small tyrosine kinetic inhibitors (TKIs) targeting the EGFR family of receptors and the
associated  signaling networks, respectively’. The most clinically developed cancer
treatment antibody is probably cetuximab, which is designed to mimic and compete with the

33 An efficient cetuximab-

ligand and blocks the activation of the receptor’™®
immunoliposome nanoparticle system with loaded therapeutic drugs has been developed by
Pan et.al., and enhanced cellular uptake of the drug was observed®®. Small peptide ligands
against EGFR such as GE11 (12 AAs) have been discovered by a phage display screen,
GE11 shows competitive binding to EGFR and selective internalization in EGFR high-
expressing cells’’. In addition, GE11 conjugated liposomes also show specific binding to
EGFR high-expressing cancer cells and accumulation into the tumor sites in a mouse
model*®. The TKIs are small molecules that compete with ATP in binding to the intracellular
kinase domain of the receptor and block the signal transduction®. A representative is
Gefitinib, a reversible inhibitor that inhibits EGFR kinase and tumor cell growth, especially

with cytotoxic drugs®.

There are adequate studies of MAbs targeting HER-2 as well. Trastuzumab

(HerceptinR), FDA approved, has been designed to bind to the extracellular region of HER-2
and restrain cell proliferation. It has been shown to be active and efficient with several
cytotoxic drugs in clinic trials for breast cancer patients®. Variants of Trastuzumab has also
been studied. For instance, Bostrom et.al., have isolated a “two-in-one” antibody that can

strongly bind to both HER-2 and VEGF and inhibit cell proliferation induced by both



receptors’’. In addition, small peptides with high binding affinity to HER-2 has been

screened by bacteriophage display for further imaging and targeting applications™*.

Metabolic targeting agents

Transferrin (Tf) works as an iron-binding and transport vehicle in Fe metabolism
processes. Tf can accept the binding of two Fe (III) atoms, and the diferric or monoferric Tf
can be recognized and bound to transferrin receptor 1(TfR1) expressed on the cell surface™®.
TfR1 is transmembrane protein composed of a disulfide-linked homodimer that can hold two
Tfs*. Binding leads to Fe uptake, which includes internalization of the TfR1-Tf complex via
receptor-mediated endocytosis, release of Fe(Ill) from Tf, reduction of Fe(Ill) to Fe(Il)
probably by a ferrireductase, and finally Fe(II) can be utilized by heme or other proteins™.
TR is expressed ubiquitously on erythroid cells, proliferating normal and neoplastic cells,
and is overexpressed in malignant cells such as carcinomas™*,

Transferrin can be employed as a nucleic acid delivery tool itself. By conjugating
with polycations that bind nucleic acids, the complexes are capable of transporting the genes
into cells and expressed®®. Wu etal. has built transferrin-conjugated liposomes with
doxorubicin and verapamil co-encapsulated system, which showed effectiveness in targeting
and overcoming drug resistence’’. TfR can be used as an antigen target by MADbs binding to
its extracellular domain. A mouse MAb against rat TfR in brain, OX26, has been shown to
bind to TfR and be internalized”. OX26 has been developed as a candidate of delivery

vehicle, in connecting drugs, peptides or genes by various conjugation methods including

those employing liposome®™. Antibody fusion protein (anti-rat RfR IgG3-Av) has been



developed to overcome the species barrier of using murine MAbs against human TfRs*. The
antibody is capable of delivering molecules to rat myeloma cells and proapoptotic activities
were shown™.

Folate receptor (FR) is a membrane glycoprotein with high binding affinity to folic
acid, which is essential to many metabolic processes including nucleotide synthesis>'. The
expression of FR is limited in normal tissues but is quite elevated in various human cancer
cells such as ovarian, uterus and cervix carcinomas’. In addition, FRs in normal tissues seem
inaccessible through the circulation and even upon binding, conjugated folate is retained in
FR to protect against cytotoxicity’>. Therefore, FR is one of the most widely used targets for
cancer therapy via a variety of approaches.

MOvV18 is one of the earliest developed MAbs that applied in FR targeting, and has
been examined for therapeutic efficacy in various methods®. Mov18 has also been developed

for imaging and radioimmunotheraty, for instance, *'

[I-MOv18 showed some responses with
limited residual disease in patients™. The research employing folic acid as targeting ligand
has been first developed by conjugating it with anticancer drugs like taxol directly™*. More
complex systems, such as folate coupled liposomes with doxorubicin loaded have been
investigated and shown to exhibit enhanced and selective cytotoxicity against FR
overexpressed tumor cells in vitro, tumor growth inhibition, and increased lifespan in animal
studies™. Some cationic liposomes and polymers with folic acid linked have also been
synthesized and applied in tumor selective gene delivery . Recent publications involve a

large portion of nanoparticle application. In the study of Sonvico et.al., folate was conjugated

to superparamagnetic maghemite nanoparticles for the intracellular hyperthermia treatment



of solid tumors, the nanoparticle system was characterized and shown to have correlated

targeting and internalization in several FR expressing cell lines’’.

Nanotechnology in targeting cancer cells

Nanotechnology has been widely applied in cancer therapy in terms of developing
platforms for targeting and delivering drugs/nucleotides to cancer cells to achieve a
therapeutic effect. There are studies conducted on various platforms, such as liposomes®,
dendrimers®®, metals®, polymers®' and micelles®. As exemplified above, the liposome is one
of the most studied nanocarrier systems, which was discovered around 1980s and has been
improved to include a targeting capability®. The base of liposome carriers is concentric
phospholipid bilayers, where hydrophilic head groups are the outer parts and hydrophobic
fatty acid groups are buried from contacting aqueous environment®*. Modifications can be
made to the phospholipid bilayers to realize various functions, and cargoes can be entrapped
into the liposome interior (water soluble) or incorporated into the liposomal membrane
(water insoluble) (Figure 2%°). Although they have shown broad application, especially in
cancer targeting mediated by antibodies and specific receptors, liposomes, together with
other inorganic carriers, have the drawback of fast elimination from the blood circulation and
difficulty in avoiding the reticuloendothelial system®. Despite a massive effort in this area
there are a limited number of liposomes used in the clinic®.

Our work investigates an alternative technology using plant viruses as nano-scale
platforms to construct target and deliver vectors. Plant virus nanoparticles (PVNs) have the

advantage of protecting the therapeutic cargo inside the virus capsid to avoid interaction of
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the cargo with the surroundings. Furthermore, the plant virus itself has little intrinsic risk as it
is food supply, which reduces the chance of causing an adverse immune response and

toxicity to healthy tissues®’.

Plant virus technology

Viruses, as organisms that live and propagate in cells, have one of the most economic
configurations of all living organisms, composed only of genome and capsid proteins. Here
we refer only to non-enveloped viruses that lack a membrane. The process of a virus’s life
cycle starts with replicating and packaging viral nucleic acid with the help of the host cell.
Then, the fully formed viruses leave the cell and infect new host cells, by binding to
receptors on the cell surface and penetrating the cell membrane to start a new cycle®. Viruses
have various sizes ranging from 10 nm to over a micron with different shapes. Most viruses
have a monodisperse construction, which allow researchers to treat them as uniform
synthesized materials®.

Because of their advantages of being naturally made, relatively stable, easily obtained
and self-assembly characteristics, viruses, especially plant viruses, have triggered a great deal
of interest in serving as platforms for chemical or genetic modifications®” " ”'. Through
mutation and bioconjugation techniques, new properties can be introduced and new functions
can be realized. Leading examples of plant viruses that have been modified include cowpea
mosaic virus (CPMV) and cowpea chlorotic mottle virus (CCMV). CPMV has been reported
to have conjugation of exogenous proteins to the lysine/cysteine that was genetically

engineered on the surface of the virus, with the purpose of targeting specific cells’®, as well
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as the conjugation of fluorescent-dye, which was used for in vivo imaging of vascularization
and monitoring tumor angiogenesis’>. CPMV has also been engineered with CD46 peptide
(human receptor of measles virus, MV) displayed at its loop, to inhibit the MV infection of
HeLa cells’™. Similarly, CCMV was reported to be modified with fluorophore and small
peptides on exterior surface residues’”, as well as assembled multilayer films by ionic
interactions and complementary biological interaction’’. CCMV has also been shown to
encapsulate a polymer, controlled by its pH-dependent swelling and pore opening
mechanism’’. There are studies conducted on other plant viruses, too. Tobacco mosaic virus
(TMV) can be modified with several substrates in either exterior (through diazonium
coupling/oxime formation) or interior (amines to glutamic acid side chain carbodiimide
coupling)’®. Turnip yellow mosaic virus (TYMV) was shown to be modified with
fluorophores on flexible lysines, exposed aspartic acid or glutamic acid”. In particular,
hibiscus chlorotic ringspot virus (HCRSV) has been used as a template for doxorubicin
encapsidation and folic acid conjugation intended for targeted drug delivery™. Each virus
has potential advantages for biotechnology application. In my research I have focused on the
construction and characterization on red clover necrotic mosaic virus (RCNMV) based

cancer cell targeting and drug delivery system.

Red clover necrotic mosaic virus

Red clover necrotic mosaic virus (RCNMYV) is a plant virus that infects the roots of
plants. It has a T=3 isosahedral conformation composed of 180 capsid protein (CP) subunits

in three quasiequivalent conformations. Each subunit has three domains, R (RNA interacting,
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N-terminus), S (shell) and P (protruding). The R domain is rich in positively charged residues
lysines and arginines, and is thus thought to be critical in RNA interaction as well as virion
accumulation and symptom spread in host plants®'. A great deal about the structure of
RCNMYV was known from comparisons with another well studied plant virus that belongs to
Tombusviridae family, tomato bushy stunt virus (TBSV)*. The major difference of RCNMV
and TBSV lies in the RNA genome. RCNMV has two nonhomologous RNAs, 3.9-kb

83, 84
%" and

polycisronic RNA-1 encoding the 37-kDa CP, RNA polymerase and related proteins
1.5-kb monocistronic RNA-2 encoding for movement protein (MP) required for cell-to-cell
movement®. There are two types of packaged RNAs, one is RNA-1, RNA-2 co-packaging
into a single virion, also copies of RNA-2 itself can be packaged®. The CP of RCNMV is
translated from a subgenomic RNA (sgRNA), which is transcribed from RNA-1. The
transcription is mediated by the 34-nt hairpin structured trans-activator in RNA-2 sequence
complementary attached to 8-nt base pair of RNA-1 (Figure 3)*". Self-assembly of CP is
initiated at origin of assembly sequence (OAS) that probably located on RNA-2, which leads
to the co-packaging of RNA-1 and RNA-2 heterodimer®™ . It has been shown that by
attaching gold nanoparticles to RNA-2, self-assembled CP can encapsidate the nanoparticle
with RNAs™.

It has been observed that divalent cations Ca®" and Mg®" play an important role in
structure and assembly of several plant viruses. Upon depletion of those ions (sometimes
together with a pH change), viruses can swell and viral genomes may be exposure to

solutions’ ™. For RCNMYV, an average cation/virion ratio of 39030 for Ca*" and 420425 for

Mg*" was found in stable virions’'. Upon removal of both the ions, P and S domains of the
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CP undergo orientational and conformational changes that lead to the formation of 11- to
13A- diameter pores through CPs. These pores may allow genomic RNA to extrude. The
interior of the CP is also rearranged, but the virion under these circumstances can still remain
intact for a long time”'. Figure 4 shows 3D reconstructions of RCNMV before (left) and after
(right) the removal of Ca®" and Mg”".

The unique reversible pore-opening mechanism upon ion depletion, mentioned above, is
the key for infusion of drugs. The volume inside the protein shell is sufficiently large to
accommodate at least 1000 molecules’. In related work, it has been shown that the interior

capacity of RCNMV is sufficiently large to accommodate a 15 nm Au particle™.
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Figure 1. Crystal structure of the 2:2 EGF-EGFR complexes in ribbon diagram with the

approximate two-fold axis oriented vertically. PDBID: 1IVO. All the domains and EGF are

labeled. ¥
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Figure 2. Feasible modifications on liposome: attachment or incorporation of (i) protective
polymer (j) protective polymer and targeting ligand, such as antibody; (k) diagnostic label; (1)
positively charged lipids (m) DNA complexation with positively charged lipids; (n) stimuli-
sensitive lipids; (o) stimuli-sensitive polymer; (p) cell-penetrating peptide; (q) viral
components. Proper loading cargo inside liposome: (r) magnetic particles for magnetic

targeting (s) colloidal gold or silver particles for electron microscopy. ©
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Figure 4. Shaded-surface representation of the 3D reconstructions of native RCNMV (c) and

RCNMYV upon removal of Ca*" and Mg”" (a) and their cutaway views (d and b). !
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CHAPTER 2

Formulation of Plant Virus Nanoparticles (PVN)
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Introduction

Figure 1 shows the process of constructing a RCNMYV based PVN. The first step is to
open virural pores by removing divalent ions from virus suspension using EDTA as a
chelator for Ca”" and Mg”". The second step is infusion, which consists of incubation of
RCNMV with drugs until equilibrium is reached. The third step involves the addition of
divalent ions to close the pores, followed by removing access drugs. Finally, viral capsid is
functionalized with targeting peptides.

Doxorubicin (Dox) is the most used small molecule for infusion in the studies carried
out to date. Although it is a commonly used chemotherapy agent, the solubility of Dox in
aqueous solution is relatively low, where it tends to degrade and aggregate’®. Adding water-
pre-dissolved Dox to the EDTA treated RCNMV suspension can cause severe aggregation.
Therefore, dimethylsulfoxide (DMSO) is usually used for pre dissolving of Dox. The salt
concentration is also critical in decreasing the chance of aggregation. Insufficient salt
concentration, for example, using 1 mM NaCl at EDTA dialysis step can result in
aggregation, even when the Dox was pre-dissolved in DMSO. Detailed criteria for buffer
selection for Dox infusion can be found in the dissertation of Lockney”.

In our conventional protocol we wuse succinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC) or sulfo-SMCC as the bifunctional linker to conjugate
peptides to virus, as it was extensively used in bioconjugation field "> °"°, The coupling
chemistry in this heterobifunctional linker consists of a N-hydrosuccinimide (NHS) ester, on
one end, that can react with primary amines (usually lysines) and a maleimide group that can

react with thiol group (usually cysteines) via Michael addition. Since both the groups on
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Sulfo-SMCC can be hydrolyzed at certain pH values, it is very important to conduct the
reaction at a well-defined pH value to obtain highest reaction efficiency. Sulfo-SMCC is used
instead of the uncharged variant SMCC because of its higher solubility conferred by a
charged moiety. However, protocols call for the use of DMSO even when Sulfo-SMCC is
used. This fact underscores the issue of solubility of the reactant and possibly lowered
solubility of the bioconjugation product. Meanwhile, SMPEG linkers were also tried, in
expectation of peg spacer’s excessive hydrophilicity than cyclohexane spacer in sulfo-SMCC
99

Pepetides also need to be pre-solubilized with DMSO, and sonication in warm water
can help with the solubilization. Because of the low tolerance of RCNMV to DMSO, a
certain percentage of DMSO (in water) can be used for pre-solubilization of sSSMCC and
peptide to decrease the total DMSO added to the reaction. Some peptides can be utterly
insoluble in aqueous solutions, even pre-solublized with DMSO, aggregation will form
during the incubation with RCNMV, in which case, adding a few water-soluble amino acids
or groups when the designing the peptide can be helpful. The reactions between RCNMV
and sulfo-SMCC and cysteine-terminus peptide was shown in Figure 2A.

In later studies, the disadvantages of conjugation using a bifunctional linker were
discovered by mass spectrometry (Chapter 4). Besides the issue of aggregation, hydrolyzed
and inaccessible linkers can lead to incomplete conjugation. Also, inter- and intra-molecular
crosslinks were observed. Therefore, a new strategy of one-step conjugation was proposed,

where a maleimide-peptide was used to react with cysteine residues on RCNMV (Figure 2B).
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A much cleaner and more efficient conjugation chemistry may be achieved if one can avoid
using a bifunctional linker.

The targeting peptides used were based on nuclear localization signal (NLS), receptor
mediated endocytosis (RME) sequences that derived from human adenovirus fiber protein
(AKRARLSTSF and NPVYPYEDES, respectively), which was shown to successfully
transfer genes to mammalian cells '®. Also used were ADH peptides that target N-cadherin.
Cadbherin, as part of cell-cell adhesion and interaction, can be potentially used for targeting
tumor cells because of the switch of E/N cadherin and increase of expression of N-cadherin

in tumors 1.

Methods

Green House Planting, Propagation and Infection

Seeds of Nicotiana Clevelandii (N.Cleve) or Nicotiana benthamiana (N.Benth) were
sown in a peat pot for germination. The seedlings are usually ready for transplanting in two
weeks (depending on season and sunlight). After transplanting, the plants were allowed to
grow to the size a bit over the 6” pot. The process usually takes two weeks, with fertilizing
every other day. Then the plants were transferred to a cold room (18-20 °C) for inoculation.
The inoculum was prepared by grinding 3 leaves from previously infected plants in about 10
ml of 10 mM sodium phosphate buffer (NaPB), pH 7.0 (sufficient for 30 plants), using a
mortar and a pestle. After that, all the leaves were dusted by carborundum and then they were
rubbed several times using inoculum soaked sponges. The plants were then washed with

water to remove access carborundum. The symptom of small ring spots should appear in 5-7
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days when the plants are ready for harvesting. By cutting the main stems, the plants were

collected for following purification or storage at -80°C for long-term use.

Purification of RCNMV
The purification of RCNMYV was basically following the published method with some
alternations'®”. Briefly, fresh or frozen plant tissues and homogenizing buffer (200 mM

sodium acetate pH 5.3 with 0.1% v/v B -mercaptoethanol) in a ratio of 1:4 (w/v) were

combined in a blender and blended for 30 seconds three times with 30 seconds increment.
The plant slurry was then filtered through four layers of cheese cloth and the filtrate was
incubated on ice with gentle stirring for 30 min. After that, the slurry was centrifugated at
7,000 g for 25 min at 4 °C, and the supernatant was filtered through a sheet of Miracloth. Y4
volume of 40% polyethylene glycol (PEG) 8000 with 1 M NaCl was added to the sap and the
mixture was then stirred gently at 4 °C for 1 hr. Subsequently, the mixture was centrifugated
7,000 g for 25 min at 4 °C and the supernatant was discarded. The same volume as PEG 8000
of 50 mM NaPB pH 7.2 was added to the pellets. The resuspension takes about 30 min with
occasional swirling of the centrifuge bottle. Next, another centrifugation using the same
condition above was carried out and the supernatant was collected for following two sucrose
ultracentrifugations.

Appropriate amount of the supernatant and 20% sucrose in 50 mM NaPB pH 7.2 was
added to the ultracentrifugation tubes. And the ultracentrifugation was carried out for 2 hr at

167,000 g at 4 °C in a Beckman L8-70M ultracentrifuge. The pellet was resuspended in 50
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mM NaPB pH 7.2 at 4 °C overnight. The next day, the resuspension was subject to
centrifugation at 16,000 g for 10 min before subsequent experiments. Normally, Ti 70.1 and
SW5S5 roters were used for the two ultracentrifugations, respectively. The final concentration
of the virus can be determined by its OD,4 with an extinction coefficient of 6.46 ml/mg/cm,
and its purity can be accessed using OD,4/OD2gp, Which is typically around 1.69. Purified

RCNMYV should be stored at 4°C.

Infusion of RCNMV

The first step of infusion is to dialyze 10-20 mg/ml RCNMV in 6,000-8,000 Da
MWCO dialysis tubing (Spectrapor) against 4 L. of 10 mM Na,EDTA/10 mM NaHEPES/20
mM NaCl pH 8.0 at 4°C overnight. Next, cargos such as propidium iodide (PI) or Dox were
prepared fresh in DMSO, to the concentration of 20 mM. The stock solution was sonicated in
warm water until it is clear. To infuse, a 1000:1 molar ratio of cargo was added to the
dialyzed RCNMYV and the mixture was incubated at room temperature protected from light
for 3 hr. After that, the mixture was run through a NAP-25 column (GE Healthcare) using the
closing buffer (50 mM HEPES and 1 mM CaCl,, pH 7.0) to end the infusion and at the same

time remove excess cargo.

Conjugation of peptide to RCNMV
RCNMYV was prepared in 50 mM NaPB or HEPES buffer pH 7.1 in a concentration
of 1-3 mg/ml as needed. Bifunctional linker sulfo-SMCC and targeting peptide were

prepared fresh in 50-100% DMSO (depending on their solubility) and the solution may be
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sonicated in warm water to help the dissolution process. Usually 1 mg sulfo-SMCC or
peptide requires 50 ul DMSO. For conventional two-step conjugation, sulfo-SMCC was
added slowly in a ratio of 3000:1 to RCNMYV followed by inverting of the tubes to have the
reagents well mixed. The pH of the solution needs to be checked before incubation and the
value should be 7.2+0.2. The mixture was incubated at room temperature on a rocker plate
for 30 min before ran through a NAP-25 column using the same buffer to remove excess
linkers. For maleimide peptide conjugation, the above step is omitted and with RCNMV in
appropriate buffer one can directly move to the following step. The same molar ratio as the
linker of peptide from its stock solution was added to the virus suspension and the pH should
be 7.0+0.3. The reaction was performed overnight at room temperature before using a size

exclusion column such as sephadex G 25 to remove access peptide.

Cell Culture and Delivery

HeLa, HepG2 and MCF-7 cells were cultured in Minimum Essential Medium Eagle
(EMEM) media (ATCC), and A375 cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) media (ATCC). Both of the media contain 10 % fetal bovine serum (FBS)
and 1 % penicillinstreptomycin. T-25 and T-75 culture flasks (Corning) were used for regular
cell culture, and the incubator was set to 37 °C with 5% CO, in atmosphere. The cells were
passed 2-3 times a week, depending on their confluence. Briefly, culture media was removed
from the flask and the cells were washed twice with Dulbecco’s Phosphate Buffer Saline
(DPBS). After that, 1-2 ml of 5 % trypsin (Gibco Laboratories) was added to the flask and

the cells were incubated for a few minutes until most of them were detached. Subsequently,
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appropriate amount of media was added to the flask and mixed well with the cells. Part of the
cell culture was then transferred to a new flask with fresh media added. The flask was then
placed in the incubator to allow reattachment of the cells.

To seed the cells for a delivery experiment, the detached cells were transferred to a 15
ml sterile tube, which was then spinned at a low speed (~1,500 g) for 5 min. After that, the
supernatant was removed and the cells were resuspended in fresh media at a relatively high
density. Next, a small amount (~200 pl) of the suspension was transferred to an Eppendorf
tube and 50 pl of the suspension was transferred from the first Eppendorf tube to a second
one, followed by an addition of 50 pl of 0.4% Trypan Blue and the suspension was mixed
by pipeting. Subsequently, the sample for cell counting under microscope was prepared by
carefully pipeting 20 pl of the mixture into the junction of the coverslip and the counting
surface. Then the cells were counted and the density of the original solution was calculated.
Usually 6,000/well of cells were seeded to 96 well plate (Costar) and let grow for 2 days or
until it reaches appropriate confluence. The delivery of PVN or other proteins was performed
using serial dilution and the cells were incubated for 24 hr, followed by two washes of DPBS
before fluorescence measurements on a plate reader (Bio-Tek).

Finally, cell viability assays was used to determine the effect of therapeutic reagents
or correct fluorescent signals. The assays employed in our lab include ATP (Promega), MTT
(Thermo scientific) and alamarBlue (Invitrogen). The ATP (adenosine triphosphate) assay
measures luminescent signal generated by luciferase catalyzed reaction of luciferin and
oxygen that requires the participation of ATP, the amount of which is proportional to viable

cells. The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide) assay is

26



based on the fact that MTT can be cleaved and converted to insoluble purple formazan by

103

dehydrogenase enzyme that exist in living cells" . The alamarBlue assay is an oxidation-

reduction indicator that detects the reduction reaction of metabolic activity of living cells.

Discussion

Purified RCNMYV can undergo auto-proteolysis and lose a certain amount of its CP.
The phenomenon can be identified by SDS gel electrophoresis, where a significant band
emerges at a few kD smaller than native CP (Chapter 4, Figure 10). The lower molecular
weight band started out to be faint in freshly prepared virus and became distinct for the virus
after 2-3 weeks storage at 4°C. It was observed that the infusion procedure can accelerate the
process, which is probably due to the high pH (8.0), in which the virus was prepared.
Interestingly, it seems that the infusion step can greatly increase the chance of successful
conjugation. And it was not uncommon that the lower degraded band and the conjugated
band (above CP band) were seen together on a gel (Figure 3A). Besides high pH, acidic
conditions can have the same effect on RCNMYV. Figure 3B showed the SDS-Page gel of
conjugated RCNMYV that had been pretreated by pH < 5 solution and conjugated bands as
well as the degraded band can be found on the gel (Figure 3B, lane 4).

The hypothesis for the auto-proteolysis phenomenon is that the protein shell of
RCNMV may swell or undergo a conformational change under certain circumstances (age,
pH change etc), and the disordered R domain may become partly solvent exposed and
accessible to protease cleavage and peptide modification. Indeed, it was discovered in MS

analysis of Dox-infused PVN that the R domain is heavily labeled by targeting peptide'*.
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Also revealed by MS are the coverage maps of the two bands from the gel (Figure 4), in
which both the samples did not have the coverage of N-terminal residues. However, since the
C-terminal residues were covered in the proteolyzed sample, it is reasonable to state that the
missing molecular weight is from the N-terminus. In addition, both gel and MS results
showed that the lower band had more conjugation than the upper band, which suggested that
either the conformational change facilitated higher conjugation rate, or the conjugated sample
tend to undergo degradation more easily, or both.

In biotinylation experiments, the ratios of biotin/RCNMYV were quantified (Chapter 6,
methods). The average ratio of the regular RCNMV was around 60 while that of Dox infused
RCNMYV was around 400, which indicates a dramatic increase of solvent accessible lysines.
This agrees with the hypothesis since the R domain is lysine rich.

Despite the conformational changes in coat protein structure under those
circumstances, the RCNMV capsid maintained its integrity for the most part. One of the
verification methods is dynamic light scattering (DLS). DLS results showed that other than
the formation of some aggregates (< 5%), PVN remained as intact nanoparticles (Figure 5).
Besides, overnight dialysis of Dox infused RCNMYV did not decrease the ratio of Dox to
RCNMYV dramatically (about 30%), which means that there was little “leakage” from the

viral capsid.
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Figures

Figure 1. Flowchart of the steps of RCNMV-based PVN formulation. Pores, drugs and

targeting peptides are indicated in white circle, red dot and brown polygon, respectively.
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Figure 2. A) Scheme of a 2-step reaction of PVN formulation using sulfo-SMCC. Step 1:

amidation. Step 2: Michael addition. B) Scheme of a 1-step reaction of PVN formulation

using a maleimide peptide.
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Figure 3. SDS-PAGE gel (4-20% Tris-HCl) of A) PVN sample with Dox infusion and
ADH304 peptide conjugation B) lane 1 marker; lane 2, RCNMYV; lane 3-5, PVN sample with

ADH304 peptide conjugation at pH 7.2, 6.5, 6 (pretreated with pH <5 solution), respectively.
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Figure 4. MS coverage maps of tryptic digested RCNMYV sample of A) the native CP band, B)

the lower weight band. Highlighted residues are identified by MS.
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Figure 5. DLS data (by volume) of native RCNMYV (red dotted line), Dox infused RCNMV

(blue dotted line) and Dox infused RCNMYV conjugated with peptide (green solid line).
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CHAPTER 3
Fluorescence Quantum Yield Studies of Propidium lodide

and Peptide Conjugated GFPs
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Introduction

A molecule in an electronic excited state will go through vibrational relaxation to the
lowest vibrational state of that electronic state, and then it can emit a photon as it relaxes to

15 This process is known as fluorescence. Compared to

the ground electronic state
absorption, the longer emission wavelength due to vibrational relaxation leads to a Stoke’s

shift. The quantum yield, @, can be defined as the ratio of photons emitted to the photons

absorbed. In a kinetic model the quantum can be expressed as

kr

=" _
Ky + Sk,

where r and nr stands for radiative and nonradiative rate constants, respectively'®.

Experimentally, the quantum yield is determined by comparison to a known standard, besides
the absorption and emission peak value, various factors, such as solvent, temperature,
concentration must be taken into consideration'”’. For example, only samples that have
absorbance lower than 0.1 (for a 10 mm path length) were used because highly concentrated
samples would result in self quenching. Moreover, properties of solvents can affect the peak
value of both the absorbance and the fluorescence (will be shown later).

To calculate quantum yield, the following equation is used
B ( Grad ) n?
Q=0 Gradg/ \nZ

where Qg refers to the quantum yield of a reference compound, Grad is the gradient of

plotting integrated fluorescence intensity vs. molecular absorption, and n is the index of

refraction of the solution.
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The fluorescence quantum yield of an infused cargo and conjugated targeting motifs
can sometimes be critical, in that under various circumstances, the absorption and
fluorescence can be altered or even quenched. A determination of the fluorescence quantum
yield is essential in order to measure the number of PVN, especially in cell delivery
experiments. Therefore, in this chapter, the quantum yield of propidium iodide (PI) and
peptide conjugated green fluorescent proteins (GFP) were measured and the cell delivery of

the conjugates was tested.

Method

PI stock solution (~300 puM/ml) was prepared freshly prior to use. GFP-peptide
conjugates were obtained using the sulfo-SMCC bifunctional linker. The steps were similar
as those of RCNMV-peptide conjugation (Chapter 2). Briefly, sulfo-SMCC was pre-
solubilized in DMSO and was added to GFP (in 50 mM NaPB) in a molar ratio of 30:1. The
reaction was carried out for 30 min before the excess sulfo-SMCC was removed using a
NAP-25 column. After that, DMSO pre-solubilized peptide was added to the GFP solution in
the same molar ratio, and the mixture was incubated overnight at room temperature. G200
column was used for final purification and fractions with the highest concentrations were
pooled and used as the stock solution.

UV/Vis molecular absorption was measured on a Perkin Elmer LS 50B luminescence
spectrometer. Fluorescence measurement was conducted on an Agilent 8453 UV/Vis
spectrometer. Igor (WaveMetrics) was used for integration of fluorescence intensities. For

the cell delivery experiment of GFP and GFP peptide conjugates, HepG2 cell line was used.
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The fluorescence was measured in a plate reader for excitation and emission wavelengths of
460 and 528 nm, respectively, 15 hr post-delivery. Cell viability was then determined by the

MTT assay. Detailed method can be found in Chapter 2.

Studies of infusion and fluorescence quantum yield of propidium iodide

PI is an imaging dye used in applications in microscopy that potentially allows for
tracking the path of PVN formulation once it is infused in the virus. PI by itself stains dead
cells by penetrating their membranes and binding to their nucleotides, and has been used to
determine cell viability'®. The principle of action of PI is that it has a double positive charge,
and thus it will not cross an intact membrane of a living cell. In order to establish a
quantitative characterization tool on PVN, that is the ratio of PI, RCNMYV and peptides, the
spectrometric properties of PI need to be determined.

The spectra of PI in buffer solution, ethanol and infused RCNMV were compared
(Figure 1). One can see that compared to the UV/Vis spectrum of PI in PBS, the maximum
absorption of the spectra of the infused PI and PI ethanol solutions red shifted for 30 nm and
50 nm, respectively. In the case of fluorescent emission spectra, compared to PI PBS sample,
PI ethanol sample had ~20 nm red shift with 3.5 fold increase of fluorescent intensity, while
there was no evident shift for infused PI, but a significant increase of fluorescence (15 fold)
was observed.

The quantum yields of the three samples were determined using rhodamine 560 as
reference for the absolute quantum determination. The integrated fluorescence intensity of

each sample was plotted against their UV/Vis absorbance spectra at the peak value (Figure
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2A). The plot of rhodamine is shown in Figure 2B because its fluorescence was much higher
than the other fluorophores and could not be accommodated on the same scale. The results of
quantum yields were listed in Table 1, it is apparent that infusion of PI in the virus result in a

large increase of its quantum yield.

Studies of GFP conjugated targeting peptides and cell delivery

Fluorescently-labeled PVN can be obtained from the conjugation of GFP and
RCNMV. GFP is a well-studied protein with useful spectrometric properties and has many
surface lysines for peptide conjugation, which combines imaging and targeting function. In
addition, GFP can be expressed in E. Coli, which makes the insertion of peptide easier to be
applied to its flexible loops.

To understand whether peptide chemistry would introduce systematic differences on
fluorescence properties, the fluorescence quantum yield of peptide-conjugated GFP was
determined using fluorescein as a reference. Fluorescein is an appropriate standard due to its
close excitation and emission wavelength with GFP. Figure 3 shows integrated fluorescence
intensity versus UV/Vis absorbance at 490nm for each sample (no peak shift was observed in
UV/Vis spectra) with correlation coefficient above 0.99, and quantum yields were calculated
accordingly. The results of these measurements showed our GFP had quantum yield of 0.62,
and peptide conjugated GFPs had higher or lower quantum yields in a reasonable range
(Table 2).

GFP and GFP peptide conjugates were then delivered to HepG2 cell lines to test the

effect of peptides. Figure 4 shows the delivery data after correction for quantum yield and
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cell viability. In higher GFP concentration range (above 5 pM), none of the peptide
conjugates showed higher fluorescence than GFP and GFP-control, which indicate that in
such high concentrations, the cell uptake mechanism was probably not endocytosis but a
massive, non-specific process. In the range of GFP concentration below 0.5 uM, the
fluorescence signals of the samples were not significantly above background fluorescence
signal. In between 0.5 pM and 5 uM, the sample of GFP with CD46 peptide had a higher
fluorescence signal than GFP only and the control, indicating a possible enhanced
endocytosis uptake. ADH peptide (ADH1, ADH304, ADH304CD46) conjugated GFP were
also delivered to A375 cell line to determine whether the peptide enhanced endocytosis and
whether there was an increase in cytotoxicity. The results showed a similar random pattern as
the previous GFP-peptide delivery in higher GFP concentration (Figure 5). In the lower
concentration range (<0.8 uM), ADH304 and ADH304CD46 seemed to show an increase in
fluorescence signal comparing to GFP and GFP control peptide. These initial results helped
set the scene for future cell delivery work. Further investigation on GFP-peptide and

RCNMV-peptide were performed by other lab members.
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Tables

Table 1. Representative gradient and calculated quantum yields of Rhodamine reference and

PI samples.

Sample Slope (*10%) Quantum yield
Rhodamine 560 1721 0.92

PI in EtOH 2.57 0.0014

PI in PBS 1.12 0.00057

PI infused Virus 23.39 0.013
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Table 2. Representative gradient and calculated quantum yields of fluorescein reference and

peptide conjugated GFP sample, as well as the ratios to GFP.

Sample Slope Quantum yield ratio to GFP
Fluorescein 2588 0.95 -

GFP 1682 0.62 1.00

GFP with lung 1774 0.65 1.05

GFP with RME 1642 0.60 0.97

GFP with CD46 1563 0.57 0.92

GFP with control 1956 0.72 1.16
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Figure 1. Representative UV/Vis (A) and fluorescent emission spectra (B) of PI in phosphate

buffer (green), ethanol (red) and infused virus (purple).
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CHAPTER 4

Mass Spectrometric Detection of Targeting Peptide Bioconjugation to Red clover
necrotic mosaic virus

Ruqgi Wang, Dustin M. Lockney, Michael B. Goshe, Stefan Franzen
Reprinted with permission from Wang, R. Q., Lockney, D. M., Goshe, M. B., and Franzen,
S. (2011) Mass Spectrometric Detection of Targeting Peptide Bioconjugation to Red clover
necrotic mosaic virus, Bioconjugate Chemistry 22, 1970-1982.

Copyright 2011 American Chemical Society
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Abstract

Plant virus nanoparticles (PVN) formulations constructed from Red clover necrotic mosaic
virus by drug infusion and targeting peptide conjugation can be employed as drug delivery
tools. In this investigation, we studied the cross-linked structures formed by application of
sulfosuccinimidyl-4-(N-maleimidomethyl)  cyclohexane-1-carboxylate  (sSMCC) and
succinimidyl-[(N-maleimidopropionamido)-hexaethyleneglycol]  ester (SMPEG) as
heterobifunctional linkers in the bioconjugation process. The plant virus formulations using
several targeting peptides cross-linked to the plant virus capsid were characterized by
LC/MSF analysis, which produced 69% sequence coverage using trypsin and chymotrypsin
digestion. The results showed evidence for several types of modification located in three
domains of the capsid protein. Extensive linker modifications on lysines or cysteines were
detected in all the domains, including both intended peptide-capsid cross-links and
unintended intra-capsid cross-links. Surprisingly, the most extensive peptide modification
was observed in the R domain, which is thought to be quite inaccessible to peptides and
cross-linking reagents in solution, since it is on the interior of the virus. These results show
that heterobifunctional linkers may not be the most efficient method for attachment of
peptides to plant virus capsids. As an alternative conjugation strategy, maleimide peptides
were used to conjugate with the virus in a one-step reaction. Analysis by LC/MS* showed
that these one-step maleimide coupling reactions were more specific, such as modifications
of C154 and to a lesser extent C267, and provide a means for achieving more effective PVN

formulations.
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Introduction

Red clover necrotic mosaic virus (RCNMYV) is a soil-borne plant virus that has a
robust and stable capsid, which is common for the members of family Tombusviridae. The
capsid is a T=3 icosahedron composed of 180 subunits of a 37 kDa capsid (Cp) protein in
one of three conformations '”>. RCNMV has two nonhomologous RNAs, 3.9-kb polycisronic
RNA-1 encoding the 37kDa CP, RNA polymerase and related protein * 3, and 1.5-kb
monocistronic RNA-2 encoding for movement protein *. The packaging of RNA into CPs is
mediated by the trans-activator sequence located on RNA-2 ¥. Gold nanoparticles attached
to RNA-2 has been shown to promote self-assembly of the capsid leading to internalization
of the nanoparticle in the presence of RNA-1 and CP *°. Upon depletion of divalent ions,
such as Ca’" and Mg”", the virus has been observed to exist in an open-pore state *'. There
are 60 pores located at the 3-fold axes of the icosahedral structure, with a diameter of 1.3 nm.
We have previously shown that preparation of the open-pore state permits drug infusion.
Specifically, we have shown that ~900 doxorubicin molecules can be infused into the interior
of the virus °. Attachment of targeting peptides to the infused virus would then make the
plant virus nanoparticles (PVN) an ideal vector for targeted drug delivery.

There are three domains in the capsid protein subunits of RCNMYV, RNA-interacting
(R), shell (S) and protruding (P) domains (Figure 1). The R domain consists of a series of
arginines and lysines, which function to interact with the RNA on the interior of the
assembled capsid °'. Due to the disorder in the structure, 47 residues of the R domain, which

are located adjacent to the N-terminus, are not shown in the RCNMV model. The S domain
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is essentially the lower part of Figure 1 (colored in blue) and P domain starts at residue 205
and is the protrusion above the S domain (colored in cyan).

This study of plant viruses follows earlier work using gold nanoparticles designed to
target cells ''''%. A certain number of the targeting peptides and bioconjugation methods are
the same as those used in this study, except that bovine serum albumin (BSA) was used for
conjugation rather than the capsid protein of RCNMV. One impetus to use a plant virus as a
biological nanoparticle is the greater colloidal stability of an organic composition relative to
gold '*°_ A second reason is the ability to control the precise location of targeting peptides
due to the defined structure of the capsid. However, the latter advantage must be established
by a characterization method, and the present study represents a first step in this direction.

Our objective is to develop an RCNMV-based nanoparticle as a drug delivery tool for
cancer therapy. This paper is focused on discussing conjugation efficiency of such a
formulation. Our starting point was to attach targeting peptides to the capsid using
sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sSMCC), which is
used widely as a protein conjugation reagent. The reactive groups of this heterobifunctional
linker consist of an N-hydroxysuccinimidyl (NHS) ester on one end, which can react with
primary amines (usually lysines), and maleimide on the other that can react with thiolate
groups (usually cysteines) via a Michael addition as shown in Figure 2.

Liquid chromatography-mass spectrometry (LC/MS) analysis has been proven as an
effective and important technique in protein identification and characterization ''°. Ultra
Performance (UP) LC/MS" methodology was used in this study. Unlike conventional data-

dependent acquisition (DDA) MS/MS, MS® is a data-independent acquisition (DIA)
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approach, which gives an unbiased characterization of proteins with better sequence coverage
"7 During LC/MS® analysis, the low collision energy scan provides information for
precursor ion mass and intensity while the elevated collision energy scan provides fragment
ion data , whose correspondence to a certain precursor ion at a certain retention time is
almost guaranteed by well-resolved peaks from UPLC ''® ' Thus, it is an ideal tool for

capsid protein characterization.

Materials and Methods

Sequencing grade-modified trypsin was purchased from Promega (Madison, WI,
www.promega.com). Acetonitrile (HPLC grade) and formic acid (ACS reagent grade) were
from Sigma/Aldrich/Fluka (www.sigmaaldrich.com). Water was distilled and purified using

a High-Q 103S water purification system (www.high-q.com). Unless noted, other reagents

were purchased from Fisher or Sigma. Peptides used in the conjugation reactions with the

virus are listed in Table 1.

PVN formulation

A molar ratio of 1: 2000 of purified and dialyzed RCNMV (5 mg/ml) and sSMCC
cross-linker (0.5 mg/ml) (Pierce) was mixed in 50 mM phosphate buffer, pH 7.2, at room
temperature for 30 min. The yield of cross-linkers and peptides was studied to ascertain that
the ratio of 1:2000 is optimized. While this ratio may seem relatively large, we note that
RCNMYV has 180 copies of CP, and each CP has 16 lysines, so that one equivalent of

RCNMYV contains a total of 2880 lysines. Of course, not all of the lysines are reactive and
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there is an excess of unreacted sSMCC. Excess cross-linkers were removed by buffer
exchange using the same phosphate buffer and a NAP-25 desalting column (GE Healthcare).
For maleimide peptide conjugation, the above step was omitted. The second step for
conjugating peptides was carried out by adding peptide (0.5-1 mg/ml) to the above solution
and incubate under the same conditions overnight. The sample was subjected to buffer
exchange using the same phosphate buffer and a G-25 size exclusion column to remove
excess peptide. Quantification of RCNMV was determined by UV spectroscopy with an
extinction coefficient of 6.46 ml » mg' e cm™ at 260 nm (1 mg/ml, 1 cm path length) '*°.
Bicinchoninic acid (BCA) protein assay kit (Thermo scientific) was also used for protein
quantitation. PVN samples studied include RCNMV, RCNMV-linker (-SMCC or -SMPEG),

RCNMV-SMCC-Peptide (-GSGS, CD46, ADH304 and RME) and RCNMV-maleimide

peptide.

Digestion

Samples were prepared and analyzed on a 4-12% bis-tris gel (NuPAGE, invitrogen)
to separate any cross-linked RCNMYV capsid protein and other byproducts. Bands of interest
were excised and washed with 50mM ammonium bicarbonate (pH 8.0)/acetonitrile (1:1, v/v).
Reduction with 10mM tris(2-carboxyethyl) phosphine at 37°C and alkylation with 27.5mM
iodoacetamide at room temperature were conducted for 30 min. After dehydration each gel
band was incubated with either trypsin or chymotrypsin (Promega) overnight using an

enzyme-to-protein ratio of 1:50 in 50 mM ammoniuim bicarbonate (pH 8.0). After digestion,
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the peptides were extracted with 50% acetonitrile/0.1% formic acid, and reduced to a volume

of 30 pl. All the samples were filtered prior to LC/MS" analysis.

Mass Spectrometry

Mass spectrometric analysis was performed with a Waters nanoACQUITY ultra
performance liquid chromatography coupled a Q-Tof Premier mass spectrometer equipped
with a nanolockspray ion source. An injection of 8 ul of each sample was loaded onto a
Waters Symmetry C18 trapping cartridge (300 pm id x 1 cm length) at a flow rate of 10
pL/min, then peptides were separated by gradient elution using a 75 pum id x 25 cm column
packed with BEH C18 matrix, 1.7 um particle size (Waters), at a flow rate of 0.300 pl/min.
Mobile phase A (99.9% water and 0.1% formic acid) and B (99.9% acetonitrile and 0.1%
formic acid) were employed to elute peptides over a 60 min linear gradient of 2-40% B. Glu-
fibrinopeptide (Sigma) at a concentration of 200 fmol/uL (m/z 785.8426) was infused via the
nanolockspray ion source at a flow rate of 600 nL/min and sampled every 30 s as the external
mass calibrant. For MS" acquisitions, alternate scans (m/z 50-1990) of 4 V for low-energy
(MS channel) and 15 to 30 V for high-energy (MS® channel) were set for data collection
every 2 s. Raw data were processed by Proteinlynx Global Server v2.4 (PLGS2.4, Waters)
and the resulting files were searched against a database containing the RCNMV, trypsin,
chymotrypsin, and human keratin sequences using the ion accounting algorithm
(IDENTITY"). Searching parameters of precursor and product ion tolerance (default setting),
minimum number of product ion matches per peptide (3), minimum number of peptide

matches (1), maximum number of missed cleavage sites (2) and a false discovery rate (4%)
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121 S
, which is a

were used. Fragment ions of cross-linked peptides were analyzed by MS3D
web-portal providing analysis of mass spectrometry data for a variety of cross-link peptides.
The annotation of identified fragment ions was performed as previously described '**. Virus
peptides and conjugating peptides were defined as the o and P chain, respectively. Reported
precursor and product ion masses are charge state reduced and analyzed for isotopomers
using PLGS, with intensities corresponding to the integration of ESI chromatographic peak
areas. It has been shown that, with the ion detection algorithm, the given signal (intensity) is
reproducible and quantitatively related to the concentration of peptide/protein ''® '’

Therefore, our quantification of conjugation yield is primarily based on comparing the

intensities of precursor ions from intact and modified samples.

Results

Protein sequence coverage of native RCNMV

To ascertain the conjugation sites, acceptable protein sequence coverage of RCNMV
is required. As shown in Figure 4, LC/MS® analysis is able to achieve 48.1% and 33.6%
amino acid sequence coverage using tryptic and chymotryptic digestion, respectively,
resulting in total sequence coverage of 69.9%. Other enzymes like pepsin and GluC were
also tried, but no additional coverage was obtained. The lysines covered include those at
positions K33, K38, K45, K102, K153, K176, K219 and K331, where we have used the
standard one letter code K for lysine. For elucidating conjugation sites, we considered
specific cases where the linker, inter-, and intra-molecular cross-linking modifications were

detected.
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Evidence for linker modifications at K102/K103

Modifications of both non-hydrolyzed and hydrolyzed SMCC or SMPEG were
detected at K102/K103 for the peptide (101)LKKLTLR(107). Given that the peptides with
hydrolyzed and non-hydrolyzed linkers tend to have similar ionization efficiencies,
precursor ion intensities of those peptides indicate that about half of the sSSMCC and
SMPEG linkers were hydrolyzed (Table 2). For the sSMCC sample, product ion data
indicated both K102 (modified b, ion LK, unmodified ys KLTLR) and K103 (modified ys
ion KLTLR) were modified at a relative ratio of 1:2 for both the hydrolyzed and non-
hydrolyzed forms (Appendix, Figure 3). For the SMPEG-labeled sample, modifications (in
this case we are referring to both hydrolyzed and non-hydrolyzed forms) were detected
primarily at K103, indicating that K103 is more accessible to SMPEG than K102. These data
together with the lack of identifying a conjugated peptide at K102 and K103 suggest that
these residues are accessible and reactive to small molecules such as the sSMCC and

SMPEG linkers, but not large molecules such as peptides.

Evidence for intraprotein cross-linking at K153/C154

SSMCC is quite reactive, and it is therefore essential to determine the extent of side
reactions in nanoparticle formulations where this reagent is used. For example,
intramolecular cross-linking is possible when a lysine and a cysteine are sufficiently close to
one another on the capsid surface. Identification of heterobifunctional cross-linker structural
modifications at adjacent KC residues can be difficult due to the fact that there are several

possible fates for the bound sSMCC. As shown in Figure 3, the NHS-ester of sSSMCC can
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amidate lysine (case 1) and the maleimidyl moiety can react with cysteine via a Michael
addition (case 3). In either case, sSSMCC can be hydrolyzed (cases 2 and 4, respectively).
However, given the rapid hydrolysis rate of the ester, case 3 is not likely for the overnight
incubations used in the method described here. Cysteines can also react with an NHS-ester
and form a thioester bond (case 3), but since the bond is labile and susceptible to hydrolysis,
this reaction is not considered important in our final preparation '**. The final possibility is a
cross-link between K and C on the same capsid protein (case 5).

All possibilities (Figure 3) can be divided into two groups according to their masses:
case 1 and 5 contain a non-hydrolyzed modification and case 2 and 4 contain a hydrolyzed
modification. Each type within the same group can be distinguished by examining the
product ion spectrum generated from each precursor ion. Data from the sSMCC sample
showed both modifications for the capsid peptide
(145)SVSTAVYEKCSLTIPADNQWR(165). The hydrolyzed SMCC modification was
assigned to cysteine because the y;; ion with the modification C(SMCC-
OH)SLTIPADNQWR was present at a high abundance (~25%) relative to the other product
ions (Appendix, Figure 2). For the non-hydrolyzed SMCC modification, however, there was
not a strong preference for case 1 or case 5 because no labeled by ion or unlabeled y;, ion
was detected. Therefore, the sSSMCC linker may modify either K153 or cross-links C154 and
K153.

The analysis of the RCNMV sample conjugated with the SMPEG linker led to further
insight regarding the possibility of cross-linking with a longer linker. In the SMPEG sample,

only the hydrolyzed modification was found, and the labeled peptide
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(152)EKCSLTIPADNQW(164) from the chymotryptically digested sample confirmed that
the hydrolyzed linker on lysine (modified b,) was present for the K153/C154 pair as opposed
to an intraprotein cross-link between K153 and C154. This result supports the formation of
an intraprotein cross-link at these residues by sSSMCC. Because for SMPEG, the longer the

linker is statistically less likely to modify adjacent residues when one considers it as freely

jointed chain model'**. The end to end length is equal to £ VN where £ is the PEG monomer

spacing (the hypothetical bonds) and N=6 for PEG6 (which is the SMPEG linker used in this
study). This distance is significantly greater than the distance between the K153 amine
nitrogen and the C154 sulthydryl as estimated from the structure in the VIPER database
(RCN7). These considerations agree with the lack of observed by or y ions derived from the
capsid peptide (145)SVSTAVYEKCSLTIPADNQWR(165) in the product ion spectra. The
reason for the observed high hydrolysis yield of SMPEG can be found from studies
performed in aqueous solution where it was shown that the high hydrophilicity of the PEG
chain relative to the cyclohexane spacer in sSSMCC *° leads to near complete hydrolysis of
SMPEG. Intensities and scores of related precursor ions are shown in Table 3. Since the
precursor ion of capsid peptide (145)SVSTAVYEKCSLTIPADNQWR(165) does not existed
in RCNMV sample, we have to use the other precursor ions (145)SVSTAVYEK(153) and
(154)CSLTIPADNQWR(165) to quantify the modification. By comparing their intact
precursor ion intensities for RCNMV and modified RCNMV samples, it can be estimated
that about 30% of K153 and >90% of C154 are modified with sSSMCC linker, while 75% of

each residue was modified with the SMPEG linker.
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Evidence for intraprotein cross-linking at C330/K331

The adjacent amino acids C330 and K331 in the capsid peptide (330)
CKQGNTFILG(339) displayed many of the features discussed above for K153/C154 residue
pair.  Peptide intensities of the unmodified peptides (330)CKQGNTFILG(339) and
(332)QGNTFILG(339) (Table 3) from RCNMV and modified RCNMV samples were used
to estimate the percentage of modification by sSSMCC and SMPEG. The disappearance of the
capsid peptide (330)CKQGNTFILG(339) in both samples suggested extensive modification.
While peptide (332)QGNTFILG(339) can be generated from the capsid containing a
modified C330 or unmodified CK, it is difficult to determine the accurate percentage of
modification. In the sSMCC modified sample, at least 50% of K153 and C154 were
modified. Similar to the K153/C154 residues, the SMPEG modification was observed only as
the hydrolyzed form. Due to the lack of product ion formation for this region of the peptide,
this modification can either be on K331 or C330. The increased intensity of
(332)QGNTFILG(309) compared to the RCNMV sample indicated a significant amount of
C330-modified sequence.

Overall, the stoichiometry of peptide conjugation of these two KC pairs is low (data
not shown), partly due to severe cross-linking of these residues by sSMCC and hydrolysis of
SMPEG. This is especially the case for K153/C154, since C154 is readily accessible to direct
peptide conjugation (in the maleimide case shown below) but becomes protected if first
exposed to the cross-linking reagents. While C330 is not accessible in the first place, the

cross-linkers precluded the peptide conjugation step by modifying K331.
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Extensive modification of the R domain sites K33, K38, and K45

The R-domain contains a K-rich region from residues 26 to 48 with the sequence
(26)TVAIPFAKTQIIKTVNPPPKLAR(48). Since trypsin cannot cleave at a modified lysine
position, any identified peptides would be expected to contain one modified lysine in the
middle of the peptide with an unmodified K or R at the N-terminus. For the K-rich sequence,
there are three possible peptides, TVAIPFAKTQIIK, TQIIKTVNPPPK or TVNPPPKLAR.
Figure 5 shows the MS® product ion spectra of the unmodified, sSMCC-modified, and
sSMCC-GSGS peptide-modified peptide (26)TVAIPFAKTQIIK(38) at K33 obtained from
the conjugated RCNMV sample. All three of the K-rich capsid peptides had similar
fragmentation patterns with the most abundant ion being y;3 (the precursor ion) at m/z
1429.88, 1648.97 and 2115.11, followed by yo and y;; ions, and then b; and bs. By comparing
intensities of intact precursor ions ((26)TVAIPFAK(33) and (26)TVAIPFAKTQIIK(38)) of
native RCNMV to those of the conjugated sample (Table 4), it can be concluded that about
20% of K33 was modified with sSSMCC, and 2/3 of those modifications also had an attached
GSGS peptide. Another sample containing the K33 modification with a peptide is RCNMV
conjugated with the CD46 peptide. The precursor ion TVAIPFAK(~LSTSFC)TQIIK was
identified manually with a calculated/observed m/z 2305.25/2305.26 (Appendix, Figure 4).
Representative product ions for the GSGS and CD46 conjugated peptides are listed in Table
5.

The modification of K38 in the sequence (34)TQIIKTVNPPPK(45) was even more
extensive than K33. Several peptide sequences were conjugated at K38. In the CD46 sample,

the precursor ion of peptide (TQUK(~LSTSFC)TVNPPPK) was detected at the
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calculated/observed m/z 2211.17/2211.16 with an abundance that far exceeded the other
fragment ions (Figure 6A) indicating that the collision energy settings used in the acquisition
were not high enough to induce extensive fragmentation and generate highly abundant
product ions. However, inspection of the product ions generated revealed additional evidence
for labeling at this position (Figure 6B). Fragment ions yo.ysp and yioaysp (Which contains the
full LSTFSC peptide modification) were detected, as well as the yi2.y2p and yizqyip ions
(which contain the intact capsid peptide). In addition, an extensive set of fragment ions from
both the C- and N-terminus were observed, such as unmodified b,-bs and y»-y7 ions for the
capsid peptide (o chain). The RCNMV sample conjugated with the ADH304 peptide
TQUK(~AHAVDINGNQVC)TVNPPPK showed a similar modification and fragmentation
pattern to the CD46 labeled peptide, but was detected at a much lower intensity (Appendix,
Figure 6) at the calculated/observed m/z 2793.47/2793.48. The K38 residue was also
modified with the GSGS peptide and was detected as TQIK(~GSGSGC)TVNPPPK at the
calculated/observed m/z 2021.06/2021.04. (Appendix, Figure 5).

For the CD46 labeled sample, K45 was also found to be modified to some extent, as
in the capsid peptide sequence (39) TVNPPPKLAR(48). The peptide
TVNPPPK(~LSTSFC)LAR was the most abundant ion at the calculated/observed m/z
1968.02/1968.03. The fragmentation pattern of this particular cross-linked peptide (Figure 7)
generated a series of moderately abundant y, ions containing an uncleaved B peptide (i.e.,
viral peptide fragments containing the intact LSTSFC peptide) covered with moderately high

intensity and a series of doubly fragmented product ions with both peptides cleaved,
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including ysayip-4, Y7aY1p-5> YeaY1p-4p; however, single peptide ions such as y,, b, and yg were
less numerous with diminished intensity.

On the basis of these data, K33, K38, and K45 are unequivocally modified. Among
them, K38 had the greatest range of conjugation including the GSGS, CD46 and ADH304
peptides, followed by K33, which was conjugated to the GSGS and CD46 peptides, while

K45 was only conjugated to the CD46 peptide.

Indirect evidence of modification for K208 and K219

Examination of the coordinates of RCNMYV in the VIPER database revealed that
K208 and K219 are the two surface lysines in the P domain that appear most likely to be
modified. However, it proved difficult to detect a modified lysine in this region because of
poor sequence coverage. Aside from K208 and K219, there is no other Lys or Arg for tryptic
digestion in the capsid sequence ranging from K176 to R286. Moreover, chymotrypsin lacks
cleavage sites between residues 201 to 236. Given that trypsin only cleaves unmodified Lys
residues, the capsid peptide (209)GPQPTASIVQK(219) can be observed only when both the
lysines are unmodified. If either lysine was modified, the abundance of this peptide would be
reduced. Therefore, it was possible to infer that modification occurs in this region based on
the relative intensities of (209)GPQPTASIVQK (219) in the modified and unmodified
samples. Table 7 lists the intensities of the capsid peptide fragment ions detected for various
samples. The coverage of fragment ions was sufficient for all of the samples that it was
possible to detect the decrease in intensity that would be expected in a modified capsid

peptide, which indicate that K208 and K219 must be modified to a significant extent. Table 7
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also lists the intensities for (137)QEISAYSR(144), a reference capsid peptide that does not
contain K or C residues. For each labeling reaction analyzed, the reference capsid peptide
did not elicit a significant reduction in intensity for the sSMCC or peptide-conjugated

samples compared to the intact RCNMV sample.

Evidence for cysteine labeling by maleimide peptide modification

Given the cross-linking, aggregation, and hydrolysis issues of the sSSMCC linker that
were observed at the capsid sites discussed above, we turned to an alternative strategy for
peptide labeling of the PVN. The characterization of cross-conjugated samples here
correlated with modest targeting in samples studied using in vitro cell culture (data not
shown). Based on these results, we adopted a different strategy using a maleimide-labeled
ADH304 peptide which permitted the PVN-peptide conjugation reaction at Cys residues to
be performed in a single step. Out of the five cysteines (154,203,268,328,330) in RCNMV,
three (154,328,330) were contained in peptides identified from the unmodified RCNMV
sample. Following conjugation with maleimide-modified ADH304, only C154 was detected
as being labeled with the MS data appearing in Figure 8. The most abundant ion was the
precursor ion at the calculated/observed m/z 2819.35/2819.37, which is consistent with the
behavior of other cross-linked peptides observed using the LC/MS" mode of acquisition. A
series of y-ions for the virus peptide (a chain) were generated, including yi, t0 Ysa, Y805 Y100
and yi14. All b-ions of the ADH304 peptide (B chain) were produced except bgg. Doubly
fragmented ions were also detected as indicated in Figure 8C. Those ions that contain both

one cleaved and one intact peptide, the yi24y1p, baayi2p, and yi2.y2p 1ons, had relatively high
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intensities, but also observed are ions containing cleavage events in both the capsid and
ADH304 peptides with most of these ions having a single Cys or Lys residue attached to the
linker, such as bsqyip, b7ayip, biayi1, baayip. These data indicate that the fragmentation for
this peptide cross-link is similar to a normal single peptide, which is expected due to the
linker connecting the nitrogen side chain of the C-terminal Lys residue of the ADH304
peptide to the sulfhydryl side chain of the N-terminal Cys residue of the virus peptide. Thus,
it is less likely that product ions containing both a and B peptides will be observed,
particularly those with both incomplete peptide fragments. By comparing the intensity of the
unmodified and modified RCNMV sample, we estimated that the percentage of ADH304

peptide conjugation is around 50%.

Overall stability of the PVN formulation

Modified PVN samples are prone to aggregation after more than two weeks of
refrigeration at 4 °C. Figure 9 shows two distinct bands in the gel electrophoresis of the aged
sample. The upper band has the same molar mass as the original virus capsid protein. The
other band of lower molar mass may be the product of an auto-digestion of the capsid
protein. While this phenomenon is observed to some extent in native RCNMYV, it appears that
the conjugation of linkers and peptides accelerates the process. The coverage map on the
upper and lower bands are found to be similar: both of them have coverage at the C-terminus
and no coverage at the N-terminus (data not shown), indicating that the degradation probably
starts from N-terminus. The capsid protein modification resulting from the maleimide

ADH304 peptide was observed in samples from the lower bands but not the upper bands.
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Discussion

The construction of plant virus nanoparticles for targeted drug delivery is a novel
strategy, which has been described in a few reports. Cowpea mosaic virus (CPMV) has been
conjugated with a folic acid-PEG by Cu(l) catalyzed azide-alkyne cycloaddition (click

chemistry %

). Specific recognition of the resulting nanoparticle by tumor cells bearing the
folate receptor was observed '*°. Doxorubicin loaded, folic acid conjugated Hibiscus
chlorotic ringspot virus (HCRSV) nanoparticle was shown to increase the uptake and

0 1In addition, modification of

cytotoxicity of doxotubicin in ovarian cancer cells
antitumorgenesis peptide on the viral cage of Cowpea chlorotic mottle virus (CCMV) has
been investigated and verified °. We have recently reported a similar strategy in RCNMV,
where doxorubicin-loaded capsids (6) were functionalized with various targeting peptides
using sSSMCC (26). The present study was motivated by the need for better process control
during scale-up of the procedure for in vivo testing. Mass spectrometry analysis has been
used to study virus-peptide conjugation using sSSMCC and a variety of peptides. During the
course of this work it was realized that the complexity of the surface chemistry was
hampering reproducibility and colloidal stability of the formulation. A simpler approach
using a maleimide-modified peptide was employed and compared to bioconjugation using
sSMCC.

The bioconjugation of peptides to a plant viral capsid is a key step in the development
of a cell targeting technology. In our initial design for conjugation we identified two surface

lysines (K208 and K219) and one surface cysteine (C267) in the P-domain that were most

accessible for bioconjugation. The data show that these sites are among the most difficult to
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detect by mass spectrometry due to poor sequence coverage in that region of the P-domain.
Ironically, the R-domain (M1-L46) on the interior of the capsid is the region where
modification by sSSMCC and peptide conjugation was most easily detected by MS analysis. It
was somewhat surprising that modification was so extensive in the R-domain. However, it is
logical that the sheer number of lysines in the R-domain could influence the distribution of
targeting peptides if they are accessible to some extent. For example, accessibility could
arise from penetration of the capsid by relatively hydrophobic peptides. Alternatively, it is
possible that capsid proteins may have alternative conformations that expose the R-domain.
Conjugation in the S-domain (A47-E204) and P-domain (V205-G339) was also detected.
However, in these regions the two cysteine-lysine pairs (K153/C154 and C330/K331) led to
significant cross-linking or hydrolysis, and little conjugation of peptide. Residues K208 and
K219 were observed indirectly using relative peptide intensities in conjugated and
unconjugated samples. These sites did indeed show significant linker or peptide conjugation.
Based on these MS results, we reasoned that a maleimide peptide coupling strategy would be
superior to sSSMCC and SMPEG cross conjugation. Indeed, coupling of a peptide to C154
was observed. Below we discuss the relative efficiencies of the various sites and the issues of
hydrolysis and cross-linking that were observed for the sSMCC and SMPEG linkers and
finally conclude with a discussion of a maleimide peptide labeling strategy, which was

ultimately used for both in vitro and in vivo studies.
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Peptide coupling efficiencies

In this report, the effectiveness of SSMCC and SMPEG cross conjugation of RCNMV
to the peptides CD46, GSGS, and ADH304 was explored by mass spectrometry analysis. The
peptides were chosen as practical examples used in cell targeting experiments'?’. These
peptides provided information on length and sequence-specific effects. Comparison of
GSGS, CD46 and ADH304 peptides suggests that bioconjugation efficiency decreases as
peptide length increases. One possible reason for this is a lower probability of approaching
the conjugation site on the capsid surface due to steric hindrance. However, it must also be
considered that the fragmentation for the larger of peptide ions from the cross-linked peptide
conjugate is less efficient, resulting in lower MS detection efficiency (see SI Figures S4-S6
for examples).

Most importantly, the MS results reveal aspects of capsid dynamics that are not
evident from inspection of the structure. Peptide conjugation was mostly confined in the R
domain, which is an inside region of the virus capsid according to the cryo-EM structure °'.
However, the R-domain may be accessible to the conjugating peptide because of a
conformational change in the capsid that occurs under the labeling reaction conditions.
Native RCNMYV is most stable at pH 6.0, but while at pH 7.2 or even 8.0 during infusion,
according to the observation of related viruses, it may swell and cause the disordered R
domain to protrude out of the virion and become solvent exposed ** °***. Results from MS
analysis on degraded products also verify this hypothesis in that the N-terminus (R domain)

is most likely responsible for degradation. In addition, the infusion step, as well as
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conjugation of linker/peptide on other sites, may also promote conformational changes and

expose the R domain.

Unfavorable side reactions observed using sSSMCC and SMPEG linkers
sSMCC has been used as a cross-linker in various systems involving

128-130

proteins/peptides , especially in the field of nanotechnology where modification of

. . . . . 2,75, 98, 131, 132
nanoparticles such as quantum dots, virus or virus particles are involved '>7>°% 1. 132

or
example, sSSMCC has been used to link bisphosphonate to synthetic salmon calcitonin, which
is a 32 amino acid hormone with two lysines '**. The reactions were monitored by MALDI-
TOF analysis, and products with diverse numbers of SMCC/BP conjugates were observed

133 Indeed, sSSMCC has been effective in most cases, exemplified by bovine serum albumin,

134135 However, the application of sSSMCC must

which contains numerous reactive lysines
be used with caution. It has been found that sSSMCC destabilizes silica nanoparticles and
causes aggregation °. There are several reports of both inter- and intra-cross-links by
sSMCC in bioconjugation studies ** *'. Our results also showed a significant degree of inter-
capsid cross-linking for RCNMYV indicated by the gel shown in Figure 10 and the possibility
of intra-capsid cross-linking at position K153/C154 and C330/K331 based on LC/MS"®
analysis, as discussed above.

Hydrolysis is also a problem for both the NHS ester and maleimide groups, which
becomes overwhelming in the case of the SMPEG linkers. Since both NHS ester and

maleimide groups on sSMCC can be hydrolyzed by hydroxide ion, it is very important to

conduct the reaction at well-defined pH values to obtain the highest reaction efficiency. The
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nucleophilicity of lysine and cysteine is also quite pH-dependent so there is a competition
between the desired reactions of lysine and cysteine and the undesired hydrolysis reactions.
For example, the ester is a very reactive group and may be hydrolyzed prior to reaction with
lysines, which then may result in modification on cysteines. In the second hours-long
incubation step, the maleimide may also be hydrolyzed. All of these factors can lead to the
decrease of peptide conjugation efficiency. sSSMCC is used instead of the uncharged variant
SMCC because of the higher solubility conferred by a charged moiety. However, protocols
call for the use of dimethylsulfoxide (DMSO) even when sSMCC is used. This fact
underscores the issue of solubility of the reactant and possible lowered solubility of the
bioconjugation product.

Finally, there was a significant amount of aggregation in the samples prepared using
sSMCC that may have arisen from the bioconjugation chemistry. One cannot exclude the
possibility that peptide modification itself reduces the colloidal stability of the plant virus,
RCNMV. Of course, inter-protein cross-linking is possible, which also reduces colloidal
stability. These complexities led to consideration of an alternative strategy using a single site

conjugation of a maleimide peptide.

Use of a maleimide-labeled ADH peptide

A maleimide peptide was used to test whether a single-step conjugation to cysteine
residues would result in a greater efficiency with fewer side reactions. Since a one-step
reaction eliminates all the complex possibilities brought by the linker and with fewer virus

reaction sites (five cysteines vs. sixteen lysines), MS identification became much more
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straightforward. The results showed one out of three identified cysteines (C154) as being
modified with the maleimide peptide. Although C267 appears to be quite solvent accessible
based on the RCNMV structure, there is no direct evidence for coupling at this amino acid
due to lack of capsid sequence coverage. However, we can infer that this amino acid is
accessible based on analysis of the cysteines with spin labels. Electron paramagnetic
resonance (EPR) analysis demonstrated the existence of the spin label on one cysteine
residue of the virus, while MS showed negative results on the three covered cysteines of the
RCNMV-spin labeled sample (data not shown). We deduce that the label has to be on one of
two cysteines (C203 and C267) not covered by peptides obtained from the tryptic and
chymotryptic digests. Since C267 is the more exposed cysteine, it is probably the one
modified with the spin label, and there is reason to believe that the maleimide peptide may

react with C267 as well.

Mass spectrometry assignments

Because of the specific nature of the peptide conjugation in RCNMYV, and the
difficulties associated with efficient fragmentation of large molecules using CID, the
automated approach to MS data analysis was not always able to identify cross-links. As a
result, we manually inspected product ion spectra especially in cases of peptide conjugation
were a precursor ion was detected with sufficient abundance. Because the PLGS/ion
accounting searching, described in the methods section, is only available for analysis of
uncross-linked peptides that contain modifications, the conjugated peptide to the virus must

be treated as a fixed mass modification, and thus its fragmentation cannot be interpreted. In
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addition, the probability of identifying the conjugated peptide is reduced due to the preferred
fragmentation of the peptide at residues distal to the cross-linked residues. Even in several
cases where the cross-linked capsid peptide is identified due to its preferred fragmentation
over that of the conjugated peptide, additional data acquisition using alternative CID energies
will need to be developed to more confidently identify these peptide-peptide cross-links. As
an alternative, we used MS3D to initially process the cross-link-peptide data and search for
product ions,which was followed by manual inspection.

Automated software assignment can also fail when there is more than one modifiable
residue in a capsid peptide. For instance, in the R domain where a capsid peptide contains
two lysines, the software occasionally assigns a modification to the last K in the sequence,
which is not possible if the peptide were generated by tryptic digerstion (unless the lysine
was the C-terminal residue of the protein) For example, in RCNMYV samples conjugated with
the GSGS peptide, capsid peptide (26)TVAIPFAKTQIIK(38) was found modified by
sSMCC and the sSSMCC-GSGS peptide. Software assigned the sSSMCC modification on K33,
but sSSMCC-GSGS peptide modification on K38. The reason for the assignment was
probably due to the presence of y¢ ion (K*TQIIK) containing the sSSMCC modification and
the bg ion (TVAIPFAK) without GSGS peptide modification. During CID, the peptide
modification can be lost due to cleavage to produce an ion whose mass may match a b or y
ion within the error tolerance used during automated database searching. This phenomenon is
most frequently observed for modifications between capsid peptides and sSMCC. Thus,

manual analysis of product ion spectra is necessary in these cases.
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Conclusion

We have systematically investigated the conjugation of the capsid protein of RCNMV
in formulations used as plant virus nanoparticles (PVNs). In these formulations, the capsid is
sometimes infused with a chemotherapeutic cargo. Our focus here has been the chemical
attachment of targeting peptides for in vitro and in vivo cell targeting applications. We have
shown, by direct observation, that sSSMCC, as a heterobifunctional linker, leads to attachment
of peptides at several sites: K33, K38, and K45. Using the mass spectral data we deduced
that there is attachment at K208 and K219, although unfortunately we lack capsid sequence
coverage to permit direct detection. However, there are significant disadvantages for the
application of sSMCC as a heterobifunctional linker, which include intracapsid and
intercapsid cross-linking and attachment of sSSMCC to sites that peptides cannot access. The
net effect of this unfavorable attachment is poor colloidal stability and unpredictable
formulation conditions that depend strongly on the degree of hydrolysis of the sSMCC
during the actual formulation. Since these factors are difficult to precisely control, sSSMCC
cannot be used for formulations of PVNs intended for clinical applications.

The present study also shows that a maleimide-peptide approach provides relatively
efficient coupling and relatively high colloidal stability. Other than C154, the maleimide-
peptide may also be attached at C267. However, this attachment could not be confirmed by
mass spectrometry analysis due to the lack of capsid peptide coverage in the vicinity of
C267. On the other hand, a parallel investigation using nitroxide spin-labeled RCNMV
strongly suggests that C267 can be labeled. As a consequence of the present study,

formulations of the maleimide-labeled ADH peptide were used for successful in vivo studies
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that will be discussed elsewhere '*’. As a result, the use of data-independent LC/MSF has
been established as a key method for the characterization of PVN formulations and will be
valuable in future work using other formulations.
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Tables

Table 1. List of peptide sequences information. All the peptides were synthesized and

characterized by GenScript.

GSGS peptide GSGSGC

RME* peptide NPVPYEDESGGGC

CD46* peptide AKRARLSTSFC

ADH304** peptide | Ac-cFHLRAHAVDINGNQVC-NH,

Maleimide peptide | Ac-FHLRAHAVDINGNQV[Lys(Maleimide)]

*Receptor-mediated endocytosis and nuclear localization sequences derived from sequences
that derived from human adenovirus fiber protein '®°
**ADH peptide containing HAV tri-peptide can be recognized by N-cadherin, the

upregulation of which is a sign of tumor progression '**,
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Table 2. Intensities of precursor ions and percent intensities of fragment ion of sequence

(101)LKKLTLR(107)

SMCC SMPEG
Precursor ion

Intensity | [M+H]" Cal/Obs | Intensity | [M+H]" Cal/Obs

Non-hydrolyzed | 42744 1090.70/1090.70 | 11722 1357.83/1357.64

Hydrolyzed 39246 1108.71/1108.71 | 10522 1375.84/1375.84
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Table 3. Intensities for related precursor ion of sequences 152-164 and 330-339 of RCNMV

and RCNMV-linker samples ~=linker, ~OH=hydrolyzed linker

RCNMV
Precursor ion RCNMV RCNMV-SMPEG

SMCC
C(~OH)SLTIPADNQWR - 119672 213767
CSLTIPADNQWR 677894 55606 201557
SVSTAVYEK(~)CSLTIPADNQWR - 105961

143461(~OH)

SVSTAVYEKC(~OH)SLTIPADNQWR | --- 87292
SVSTAVYEK 2027944 1360377 562793
CK(~)QGNTFILG - 16399 _—
CK(~OH)QGNTFILG - 96399 12185
CKQGNTFILG 173360 - -
QGNTFILG 428603 285180 813585
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Table 4. Intensities and scores of precursor ions related to sequences 26-38 of RCNMV and

RCNMV-GSGS peptide samples

Precursor ion RCNMV | RCNMV-GSGS peptide
TVAIPFAK 887439 | 690560
TVAIPFAKTQIIK 14802 16714
TVAIPFAK(-SMCC)TQIK | - 9863
TVAIPFAK(-GSGS pep)TQIIK | - 21618
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Table 5.

A

list of

cross-linked

fragment

ions for precursor

peptide

TVAIPFAK(~LSTSFC)TQIIK show in % intensity|m/z, intensities have been normalized to

precursor ion.

RCNMV-GSGS RCNMV- CD46
Ions - — . -
Intensity | [M+H] Cal/Obs | Intensity | [M+H] Cal/Obs
Yi3aYep 100 2115.12/2115.11 | 100 2305.25/2305.25
YoaYep 46.71 1730.88/1730.88 | 39.4 1921.02/1921.02
Yi1aY6p 12.92 1914.98/1915.00
Yi3aY1p 11.7 1769.88/1769.88
YoaY1p 9.6 1385.75/1385.74
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Table 6. Cross-linked fragment ions of peptide TQIIKTVNPPP from different conjugation

samples. Intensities have been normalized to precursor ion. Int.=Intensity

Ions RCNMV-GSGS RCNMV-CD46 RCNMV-ADH304

Int. [M+H]" Cal/Obs | Int. [M+H]" Cal/Obs | Int. [M+H]" Cal/Obs

Precursor | 100 2021.04/2021.04 | 100 2211.17/2211.17 | 100 2793.47/2793.46

ion

Y120Y2p 5.18 1822.98/1822.97

Y12aY1p 516 | 1675.91/1675.91 | 34.93 | 1674.93/1674.92

Y100Y6p 5.17 | 1791.93/1791.91 | 4.05 1982.07/1982.07

Y8aYep 4.34 | 1565.76/1565.76

Y9aYep 3.18 1868.98/1969.00

Y8aY1p 2.69 1220.64/1220.61
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Table 7. Intensities of fragment GPQPTASIVQK and QEISAYSR in different samples

SAMPLE GPQPTASIVQK | QEISAYSR
RCNMV 1219095 807005
RCNMV-SMCC | 26082 1217219
RCNMV-CONPEP | 22434 983980
RCNMV 1872540 818815
RCNMV-CD46 171749 716597
RCNMV-ADH304 | 658919 561126
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Figures

K208

=N terminus

Figure 1. RCNMYV capsid structure with locations of lysines and cysteines specified by
number. The coordinates were determined using a combination of electron diffraction and

homology modeling with all (A) Lys and (B) Cys residues shown
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) PEPTIDE\
Na O\ 9
o N—O
%@J 'S—PEPTIDE

Figure 2. Scheme of a 2-step reaction of PVN formulation. Step 1: lysines on RCNMYV react
with NHS ester group on sSMCC. Step 2: cysteine on conjugating peptide reacts with

RCNMV-sSMCC maleimide moiety.

81



1 SMcG o SMCCH0 3 SMCC

SVSTAVYEKCSLTIPADNQWE = SVSTAVYEKCSLTIPADNQWE SVSTAVYEKCSLTIPADNQWE

4 SMCC-HO 5 SMCC
SVSTAVYEKCSLTIPADNOWE SVSTAVYEKCSLTIPADNQWE

Figure 3. Schematic representation of 5 possible cases for sSSMCC conjugation of the peptide

fragment (145)SVSTAVYEKCSLTIPADNQWR(165).
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1 MSSKAPKKSK QRSQPRNRTP NTSIKTVAIP FAKTQI IKTV NPPPKLARGI
TVAIP FAKTQIIKTV NPPPKLARGI
51 LHTQLVMSVV GSVOMRTNNG KSNQRFRLNFP SNPALFPTLA YEAANYDMYR
LHTQLVMSVV GSVOMR LNP SNPALFPTLA YEAANYDMYR
RLNP SNPALFPTLA YEAANYDMY
101 LEKLTLRYVP LVTVQNSGRV AMIWDPDSQD SAPQSROEIS AYSRSVSTAV
LK YVP LVTVQNSGRV AMIWDPDSQD SAPQSROEIS AYSRSVSTAV
SRSVSTAV
151 YEKCSLTIPA DNQWRFVADN TTVDRKLVDF GQLLFVTHSG SDGIETGDIF
YEKCSLTIPA DNQWRFVADN TTVDREK
Y VADN TTVDRELVDF GQLLFVTHSG SDGIETGDIF
201 LDCEVEFKGP QPTASIVQKT VIDLGGTLTS FEGPSYLMPP DAFITSSSFG
GP QPTASIVQK
LMPP DAFITSSSFG
251 LFVDVAGTYL LTLVVTCSTT GSVIVGGNST LVGDSRAAYG SSNYIASIVF
LFVDVAGTY & SSNYIASIVE
301 TSSGVLSTTP SVQFSCGSSGV SRVOMNICRC KQGNTFILG
VOMNICRC KQGNTFILG
TSSGVLSTTP SVQF

Figure 4. Coverage maps for native RCNMYV. Tryptic digest: 48.1%, chymotryptic digest:
33.6%. Oxidized methionine and alkylated cysteine are colored in orange and green,

respectively.
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Figure 5. MS" product ion spectra of (A) TVAIPFAKTQIIK, (B) TVAIPFAK(SMCC)TQIIK

(C) TVAIPFAK(~GSGSGC)TQIIK for RCNMV-GSGS peptide sample.
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Figure 6. A) MS" Peptide mass chromatogram B) MS* product ion spectrum portion of ion

identifications for TQUK(~LSTSFC)TVNPPP of CD46 sample.
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Figure 7. MS® product ion spectrum portion of ion identifications for of
TVNPPPK(~LSTSFC)LAR of CD46 sample. Detected doubly fragmented product ions

Y8aY1p-4p> Y7aY1p-5p> YeaY1p-4p, Only those with higher intensities are shown in the figure.
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Figure 8. A)Scheme of crosslink between capsid peptide () and conjugated peptide (B)MSF,
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Figure 9. SDS page gel showing intercapsid crosslinking induced by treatment with sSSMCC.

M=marker, lane 1 RCNMV, lane 2, RCNMV-SMCC, lane 3, RCNMV-peptide.

Figure 10. SDS page gel of the RCNMV CP compared to treatments with sSSMCC and with
the maleimide-ADH304 peptide. M=marker, lane 1 freshly purified RCNMYV, lane 2, aged

RCNMV-SMCC, lane 3, aged RCNMV-peptide.
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CHAPTER 5
Mutagenesis of the Capsid of Red Clover Necrotic Mosaic Virus

Ruqi Wang, Dustin Lockney, Tim Sit, Stefan Franzen* Steve Lommel
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Abstract

Red clover necrotic mosaic virus is a T=3 robust plant virus that is tolerant of drug
infusion and chemical modification. The formulated plant virus nanoparticle can serve as a
vehicle for cancer cell targeting and drug delivery. In this paper, the authors explored the
possibility of genetic modification of the capsid protein of RCNMYV by inserting targeting
peptide to its solvent-exposed flexible loops and C-terminus. Out of 20 mutants designed in
total, 9 had the correct sequence and most of them successfully infected the plants with
proper symptoms. However, only one of mutants had complete virion extracted from the
plants. The mutant RCNMYV was then characterized by DLS and TEM, and it was discovered
that the mutant probably had a T=1 structure. Furthermore, fluorescein conjugation and
Doxorubicin infusion were tested on the mutant, and the conjugates were applied in a cancer
cell delivery experiment. The results of the mutant were compared to that of the native

RCNMV.
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Introduction

In recent decades, extensive research has been conducted on the construction and
modification of nanoparticles, in search for suitable drug delivery tools'**'*'. The
nanoparticle systems tested include liposomes, micelles, quantum dots, polymers, metals and
plant viruses. Among them, plant viruses have unique advantages of stability, uniformity,
ease of multivalent modification, and probably lower toxicity to humans®’. Cowpea chlorotic
mottle virus (CCMV) is one of the best characterized plant viruses. The self-assembly of
CCMV has been demonstrated to be beneficial to cargo loading and capsid
functionalization” '** Progress has been made in cell targeting studies using Cowpea mosaic
virus (CPMV) , exemplified by folic acid targeting, cell penetrating peptide targeting, bio-
medical imaging and so on*” '?*'**_ Other plant viruses such as Hibiscus chlorotic ringspot
virus (HCRSV) have been shown to work as delivery platforms™.

Red Clover Necrotic Mosaic Virus (RCNMV) is soil-borne plant virus that belongs to
Tombusviridae family. It is composed of 180 subunits and has a T=3 icosahedral viral capsid.
The virus has two types of RNAs, the 3.9 kb RNA-1 encodes the Capsid Protein (CP) and
RNA polymerase, the 1.5 kb RNA-2 encodes movement protein® '**, RCNMV can either
package each of the RNAs or multiple RNA-2s®. It has been shown that the capsid of
RCNMYV can undergo conformational transition under depletion of divalent ions, such as
Ca” and Mg*". As a result, 11-13 A pores are formed throughout the capsid shell, which
permit the diffusion of viral RNAs’'. Since the transition is reversible, RCNMV can make an

ideal drug loading vehicle. We have demonstrated the infusion of doxorubicin with as many
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as 1000 molecules into one virus particle’. Furthermore, with incorporating cell recognition
sites by conjugating cell targeting peptides, the PVN made by these processes can serve as a
drug delivery vector. We have shown uptake of PVN by mammalian cancer cells and

127 We have also conducted animal studies with PVNs and

detection of a cytotoxic effect
promising results were observed (unpublished).

Although had success using previous PVN formulation, it was recognized that
chemical conjugation requires an improved strategy. There can be aggregation from the
colloidal suspension, due to the insufficient solubility of targeting peptide, and inefficiency
of reaction especially when we use bifunctional linkers such as sulfosuccinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate (sSMCC). The modification of the virus
capsid can be quite complicated with incomplete modification and unwanted crosslinks due
to the hydrolysis of the linker and multiple reaction sites on the capsid protein (CP), some of

1% Therefore, with the intention of getting cleaner and

which are inaccessible to peptides
homogeneous PVN formulations, we have attempted the strategy of insertion of peptide
sequences into viral CPs.

Mutant design must take into account the location and the sequence of the insertion.
To maximize the chance that the peptide would be displayed at the surface of the CP, and to
make the least interference to the structure of CP, the location was set on the loops and C-
terminus of the protruding domain of the CP (Figure 1). The sequences of the insertion were
derived from targeting tri-peptide HAV and RGD (Table 1). ADH peptides containing HAV

sequence target N-cadherin, whose overexpression is frequently found in tumor tissues and

results in a loss of cell adhesion, which leads to tumor metastasis'*®. The well-known ADH-1
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(Ac-CHAVDIC-NH;) developed for inhibition of cadherin-dependent processes has been
shown to restrain in vivo tumor progression” *. Our lab has previously worked with
ADH304 (Ac-FHLRAHAVDINGNQVC-NH,) and achieved in vitro cell targeting'*’. On the
other hand, motifs containing RGD sequence can recognize o,f3 integrin, which is usually
expressed on endothelial cells and closely related to angiogenesis''. Many have reported the

146 In addition, it has been shown that small

targeting delivery of RGD-functionalized vectors
cyclic peptide RGD motifs can also be advantageous to the communication with target

cells',

Methods and Materials
Mutagenesis

For PCR reaction, RCNMV RNAI1 plasmid RC169 was used, and the annealing
temperature was set to 55 °C. PCR products were then digested with Dpnl, and transformed
in NYZ broth with homemade DH5a cells. The next day, colonies were picked and
inoculated in 4 ml LB broth in Falcon tubes for about 15 hr. After that, DNA was extracted
from the overnight growth using plasmid mini kit (Omega). The plasmids were screened by

Pstl digestion before sending for sequencing (by Eurofins).

Transcription

Mutant plasmids together with RC169 and RC2 (RCNMV RNA2 plasmid) were first

digested with Smal to restrain the transcription to the RCNMV section. The DNAs were then
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purified via phenol-chloroform extraction method, followed by 95% ethanol precipitation.

Next, T7-polymerase kit MEGAshortscript™ was employed for obtaining RNAs.

Inoculation of plants

A volume of 1 pl each of RNA-1 (wild type or mutant) and RNA-2 transcription
products from above were mixed with 108 pl of 10 mM sodium phosphate buffer (NaPB)
(pH 7.0) as an inoculum. Nicotiana benthamiana (N. benth) that have at least four leaves
with appropriate sizes were selected for inoculation. First, the four leaves in one plant were
marked and sprinkled with carborundum. After that, inoculum droplets were pipetted evenly
on to those leaves, which were then gently rubbed for several times. Finally, the inocula on
the leaves were rinsed off with distilled H>O. The plants were allowed to grow in greenhouse

at 18-20 °C for 4-5 days.

Mini virus prep

Leaves with proper symptoms were collected and grinded in (0.5 g tissue: 2.0 ml
buffer) 0.2 M NaAc (pH 5.2) in a mortar. The mixtures were then transferred to a centrifuge
tube and placed on ice for 10 min incubation. After that, the debris was spin down and the
supernatant was transferred to a new tube through a microcloth filter. Following that, "4
volume of PEG/1 M NaCl was added to the tube which was then incubated on ice for 30 min.
Next, the supernatant was removed following centrifugation and the pellet was resuspended
in 50 pul 20 mM NaPB (pH 7.2) and placed in a refrigerator. The following day, the mixture

was spun down and the supernatant was collected.

94



To determine if a complete virion is present, 1% SeeKam HEEo agrose gel was run
under 40 V for 2 hr. The mutant that successfully produced virion in N.benthamia was then
inoculated on to a large batch of N.clevelandii to generate sufficient mutant RCNMYV for the

following experiments.

Dynamic light scattering and Transmission electron microscopy

Virus samples were diluted to 0.5 mg/ml for dynamic light scattering (DLS).
Zetasizer S1000 instrument was used for measurements and NNLS logarithm was employed
for data analysis.

The grids for transmission electron microscopy (TEM) were ultrathin carbon type-A
400 mesh copper grids obtained from Ted Pella, Inc. To prepare TEM samples, 10 pl of
0.04-0.1 mg/ml virus PBS solution was pipetted onto a grid, and after particles settled down
(30-60 s), excess solution was gently blotted by a tissue. Next, 10 ul of 2% uranyl acetate
buffer was placed on the grid, and after about 15 s, the solution was again sopped up. The

grids were placed in a dessicator for a week before TEM.

Conjugation of fluorescein and cell delivery

The reaction of NHS-Fluorescein and RCNMV/mutRCNMV was conducted in 50
mM NaPB buffer (pH 7.1) in a ratio of 3000:1. Excess NHS-Fluorescein was removed using
Nap-25 column and the buffer was exchanged to Dulbecco’s Phosphate Buffered Saline

(DPBS). All samples were filtered through 0.2 um filters prior to delivery.
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A375 cell lines were seeded to Costar 96 well (clear bottom) plates at 12,000
cells/well in DMEM media. The cells were cultured until it reaches appropriate confluence.
For the delivery experiment, all samples and controls were added to the cells in serial dilution
fashion. The plates were then placed in 37 °C culture chamber for 24 hr. The next day, the
cells were washed with DPBS twice and their fluorescence signals were measured by a
Synergy HT plate reader (BioTek) at 460ex/528em. After that, alamarBlue (Invitrogen) assay

was conducted to determine cell viability.

Results

Mutagenesis and plants inoculation

Out of a total of 20 mutants, 9 had correct insertions. Figure 2 shows Pstl and Smal
digestion patterns and transcription results of RC1 and RC2. One can see that much more
RNA was produced during transcription in both cases. Although many of the mutants
infected N. benthamiana showed symptoms of infection after RNAs were applied to the
leaves, not all of them produced virions. Figure 3 shows the result of the SeeKam HEEO
agrose gel. If full virions are present, the samples would move towards the negative electrode
because of the positive charge of the capsid protein, and the RNA dyed with ethidium
bromide would appear on the gel. From Figure 3, one can see that the wild type had the
brightest band, which signifies that the most virion was produced, given a fixed amount of
plant tissue was used for each preparation. The gel also reveals that only one mutant (#11)
produced virion in plants. The modification presented by mutant #11 is an addition of the

residues RGD at the C-terminus. Different samples of this mutant are resultant from different
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colonies picked during transformation. In the following experiment, mutant #11c was used
because it had the most intense band out of the three colonies and the N.benthamiana leaves

infected with the particular mutant showed excellent symptoms.

Characterization of the mutant

The yield of mutant RCNMV (mutRCNMYV) from N.clevlandii is significantly (by a
factor of 10) lower than that of native RCNMV. Out of 100 g plant tissue, only 1.0 mg of
mutRCNMV was extracted. Also, the 260/280 ratio of mutRCNMYV is 1.22, compared to
1.69 for native RCNMV. The difference in 260/280 ratios indicates a decrease in
RNA/protein ratio and/or a different construct of mutRCNMYV from native RCNMV, which
can induce different light paths.

Figure 4 shows the DLS result (by volume) of the two viruses. Y-axis of the output
was percentage-based, and the peak areas and mean diameters were calculated from the
distribution output of particles with various diameters. Native RCNMV has a uniform
population with mean diameter of 33.2+0.3 nm, while mutRCNMYV has some aggregation,
but the majority (about 73%) of its population has a mean diameter of 23.3+0.3 nm. On the
other hand, as estimated from TEM pictures (Figure 5), the diameters of RCNMV and
mutRCNMYV are 33.3+0.5 nm and 25+0.5 nm, respectively. Also, as seen from TEM images,
mutRCNMYV tends to form clusters with less uniformity than native RCNMV. These results
are in accord with the DLS results. The reduced size and altered 260/280 ratio of

mutRCNMYV indicated that it has a T=1 structure, instead of T=3.
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Cell delivery

The degree of conjugation of NHS-fluorescein to mutRCNMV (FL/virus) is
approximately twice as great as the ratio of fluorescein to native RCNMV. Figure 6 shows
the delivery results. Surprisingly, RCNMV showed much higher fluorescence signal than the

fluorescein control, while mutRCNMYV showed similar, if not lower signal than the control.

Discussion

Modification of virus surface as a strategy to enable targeting

The idea of inserting peptides and co-expressing protein on viral capsid proteins has
received a great deal of interest in recent years. Plant viruses usually have highly ordered
multivalent CPs, with genetically inserted sequences, motifs of interest can be presented in a
magnitude order of hundreds (or even thousands) on one particle. One such exemplary plant
virus is the helical tobacco mosaic virus (TMV), which has been investigated the insertion
with RGD-containing peptide and collagen I mimetic sequence to test their attachment to
BHK cells, the latter showed much more attachment than wild type TMV, while the
RGD_TMVs showed moderate attachment'*’. TMV has also been engineered with insertion
of lysine-contained short peptide at surface exposed position of CP for biotinylation and with
displayed proteins improved immunogenicity was observed'®. Among icosahedral plant
viruses, CPMV has been found to have the ability to bear 14 amino acid epitope from human
rhinovirus at different loop positions and C-termini for the purpose of examining the
immunological properties '*. Research has also been done on the insertion of RGD sequence

in to the loops of turnip yellow mosaic virus (TYMV), in order to achieve increased cell
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adhesion'™’

. The type member of the Tombusviridae family: tomato bushy stunt virus
(TBSV), which has great morphological resemblance to RCNMV’', has been genetically
modified by installing a 13-amino-acid peptide derived from human immunodeficiency virus

to the C-terminus'®'. Similarly, in our study, we designed RGD and HAV containing peptide

that inserted in several surface loops and C-terminus of RCNMV.

Reasons for lack of expression of the failed sequences
In the examples of the peptide insertion studies listed above, a majority of mutant
plant viruses tend to have less systemic symptoms on plants, lower yields and poorer

stabilitym 148 149

. Likewise, we have observed that some of the mutant RCNMVs have
significantly lower level of infectiousness compared to native RCNMV and an inability to
form integrated virions. The alternation of CPs may have affected the interaction between
CPs, CP and nucleotides, and also CP and other viral proteins. And those effect may disrupt
assembly process, which can result in non-uniform formation of viral capsid, insufficient
packaging of RNA, or simply failure of assembly. At the same time, as found in CPMV,
factors such as the length of insertion and the isoelectric points also play a part in the growth

152

and infectiousness of the virus™*. In some occasions, a certain CP region is related to

153

particular functions of plant viruses, such as long-distance movement °~, which can also be

one of the reasons for the malfunction inadequate infectiousness.
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Comparison of native RCNMV and mutRCNMV

The flexible, positively charged N-terminus of plant virus CPs is thought to play a
significant role in the encapsidation of RNA. Several plant viruses have been shown that with
mutagenesis or truncation of the R-domain, the normally T=3 viral capsid turns into T=1

134156 Examples include TBSV, it has been shown that certain deletions of the

conformation
R-domain sequence of the CP of TBSV can result in the formation of T=1 particles in
bacteria system by self-assembly'>’. Besides N-terminus, as suggested in the case of Brome
Mosaic Virus (BMV), C-terminus is also of great importance in the transformation of T=3 to

154, Therefore, the alternation at C-

T=1 virions, due to its interaction with neighbor CPs
terminus can result in T=1 virus, as well. In addition to genetic modifications, heterologous
expression system such as yeast may also lead to the production of T=1 virus, as exemplified
by CCMV'*®. In the case of RGD-C-terminus-inserted RCNMV, the DLS data and the TEM
results agree with each other and suggests that it is a T=1 virus.

The variation of the mutRCNMV from native RCNMYV is further explored by
conjugation and infusion. The conjugated mutRCNMYV had twice as much fluorescein of
native RCNMYV, which is probably due to its increased number of exposed residues.
Furthermore, we have attempted infusion of Doxorubicin with mutRCNMYV, along with
native RCNMV. However, the infusion was not successful with mutRCNMYV. Apparently,

the dramatic change of the arrangement of CPs cost its ability to open/close and retain

cargos.
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Conclusion

With the purpose of constructing tumor cell targeting PVN, we have designed and
attempted insertion of targeting peptide derived from HAV and RGD motifs to four loop
positions and C-terminus of RCNMV CPs. Although most of the successfully cloned mutants
infected the plants effectively, only the mutant with RGD sequence inserted at the C-
terminus was recovered from the plants with complete virion. Compared to native RCNMYV,
the mutRCNMYV had lower yield and a decreased 260/280 ratio. More importantly, it was
much smaller in size and probably had a T=1 construction rather than T=3, which was
verified by DLS, TEM and its inability of infusion (data not shown). For the conjugation
experiment, the mutRCNMV had higher fluorescein/virus ratio than native RCNMV,
however, the cell delivery experiment did not come out as expected. Surprisingly, the
conjugated native RCNMYV had significantly higher signal than fluorescein control, while the
signal of mutRCNMYV conjugate was close to that of the control. Therefore, the strategy of
insertion of targeting peptide via mutagenesis was probably not the best choice in terms of
functionalizing the viral capsid for cancer cell targeting. More strategies were investigated in

later Chapters.
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Tables

Table 1. A List of sequences of insertion categorized by their essential tri-peptides.

Essential tri-peptide

Insertion sequences

HAV (ADH peptides)

CHAVC, CHAVDIC, RAHAVDINGNQVE

RGD

RGD, CRGDC
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Figures

Figure 1. One capsid protein of RCNMYV is shown with insertion positions in various colors.
The positions are in between residues 225 and 226 (yellow); 243 and 244 (red); 269 and 270

(blue); 317 and 318 (green) and at the end of C-terminus (violet).
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Figure 2. Agrose gel of A) Pstl digested RC-169 (lane 1) and sample (lane 3) along with their
intact plasmids (lane 2 and 4, respectively). B) Smal digested RC-169 (lane 2), samples (lane
4 and 6), RC2 (lane 8) along with their intact plasmids (lane 1, 3, 5, 7, respectively). C) T7-
polymerised RC169 (lane 1) and RC2 (lane 2), the first band of each lane is DNA plasmid

and the second band is RNA.
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Figure 3. SeeKam HEEO agrose gel of mini-preped viruses: wild type (lane 10), mutant #11

(lane 2, 3, 7) and other mutants (lane 1, 4, 5, 6, 8, 9)
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Figure 4. Representative DLS output (by volume) of RCNMYV (dotted line) and mutRCNMV

(solid line).
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Figure 5. TEM positives of A) RCNMV and B) mutRCNMYV. The images were scanned at

50,000 magnification.
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CHAPTER 6

Studies of Tandem RCNMV Binding Proteins
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Introduction

Engineering non-immunoglobulin scaffold proteins for molecular recognition is a
novel approach as an alternative to antibodies'*’. The protein Sso7d from hyperthermophilic
archaeon Sulfolobus solfataricus has the advantages of small size, high stability and ease to
express in yeast or bactaria'®. The selection of scaffold proteins for a certain target usually
involves random mutations of surface residues to generate a combinatorial library and
subsequent library screening using display methods. The yeast display platform has been
employed to develop binding proteins for molecular recognition based on Sso7d. In yeast
display the protein is genetically linked to yeast cell wall proteins. As seen from figure 1, the
mutant protein is displayed as a fusion protein to the mating protein a-agglutinin in
Saccharomyces cerevisiae, of which the Aga2p and Agalp subunits are linked by disulfide
bonds'®'. The N-terminus hemaagglutinin (HA) tag and C-terminus c-myc tag are used for
immunofluorescent detection.

RCNMYV binding protein (RBP) was derived from Sso7d protein using the yeast
display method by our collaborators, and the procedure was elaborated in the dissertation of
Hussain'®* ', Briefly, the screening of mutant proteins starts with incubation of mutant-
displayed yeast cells with RCNMV-coated magnetic beads, followed by pulling out the cells
that bind to the beads by a magnetic concentrator. With secondary labeling of a goat ant-
chicken antibody conjugated with Alexa Fluor 633 on mutant proteins and streptavidin-
phycoerythrin (strep-PE) on RCNMYV, the cells were further sorted employing the technique
of Fluorescence Activated Cell Sorting (FACS) using a BD FacsAria'™ flow cytometer for

two rounds, at 350 nM and 100 nM RCNMYV, respectively. Those with high fluorescence
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signals for both Alexa Fluor 633 and PE were plated onto SDCAA plate. Out of six clones
sequenced, three of them had the same plasmid sequence, which was denoted as RBP for the
following experiments.

RBP has a molecular weight of 7kD and T, of 83 °C, and the equilibrium
dissociation constant of RBP and RCNMV was estimated to be ~100 nM. RBP has been
researched as an alternate to conventional virus purification'®. In general, the his-tag RBP
was first immobilized on a Ni column, followed by loading of plant sap, washing and elution
of both RBP and RCNMV. The mixture of the two can be separated through
ultracentrifugation, and RBP can be recycled. This method is advantageous in eliminating
several time-consuming steps in conventional purification, but has one drawback of the
difficulty in scaling up.

A fusion protein of RBP with an ADH304 targeting peptide has been made as a
targeting motif for cancer cells. The RBP and RBP-ADH304 peptide were both conjugated
with Dylight 633 (an NHS-dye that reacts with lysines) and purified using FPLC as showed
in Figure 2A, where the first peak and second peak correspond to excess dye and RBP-
Dylight 633, respectively. The conjugated RBPs were delivered to A375 cells and the result
is shown in Figure 2B. As one can see, RBPADH304 had significantly higher fluorescence
intensity than the controls in the concentration range of 0.2 uM and lower, which suggest its
targeting property. Unfortunately, the delivery experiment with RCNMYV did not provide the
desired result of increased uptake of RCNMV by A375 cells (data not shown), which is
thought to be due to the insufficient affinity of RBP and RCNMYV. Therefore, a tandem RBP

binder was proposed to overcome this problem by increasing the avidity of the binding
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molecule. The constructs of the tandem binders were designed as RBP-RBP-eGFP and RBP-
eGFP-RBP, with repeats of G4S as linkers. The introduction of eGFP is for the purpose of
increasing “visibility” in various experiments, thanks to its high absorptivity and
fluorescence as well. The plasmids of the two tandem binders were constructed, the proteins

were purified and their affinities toward RCNMYV were tested.

Methods

Cloning Strategy

The original strategy of constructing RBP-RBP-eGFP in pET22b vector was to first
introduce a linker and an extra digestion site (Sall) to the old construct RBP-eGFP (Table 2,
#1) to make a new vector (Table 2, #2). Subsequently, RBP can be introduced between
Ndel/Sall. Two sets of primers were designed to complete the first step. However, it was not
realized that the primer containing the linker sequences can anneal to the existing linker
between RBP and eGFP, instead of the beginning of RBP. As a result, the RBP was left out
during PCR reaction and the consequential construct contained eGFP protein with three
digestion sites (Table 2, #3).

Based on the present construct, a new strategy was proposed: making two inserts of
RBP with linker containing two restriction sites out of three (Table 2, #4). However, the
strategy did not work out because of the low quality of the plasmid. All the colonies resulted
from this plasmid contained only the correct sequence of the insert, while the vector

sequence was either unreadable or incorrect.
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A new method using compatible sticky ends was carried out. The RBP insert was
prepared by introducing the restriction site Asel (which has compatible end with Ndel) and a
linker to the C-terminus and Ndel to the N-terminus. The double digested insert with Ndel
and Asel overhangs can be ligated with Ndel digested RBP-eGFP vector. The resultant
construct contains one Ndel site and a half Ndel/half Asel site that is undigestable (Table 2,
#6). However, as a consequence of having the same overhangs at both ends, two types of
constructs can be produced: the one with correct insert sequence and the one with reversed
insert sequence. By using different PCR templates and primers, two constructs with different
lengths of linkers were obtained, one with 10 amino acid (aa) linker, and the other with 15 aa
linker (Table 2, #5).

To construct RBP-eGFP-RBP, first the method using compatible ends was attempted
using Xhol and Sall. However, it did not work out because of the notorious difficulty in
digesting (especially a double digest with Xhol) Sall in PCR products. Therefore, a deviated
strategy was carried out using two Xhol digest sites. By introducing two Xhol sites into each
terminus and a linker to the RBP gene, followed by ligating the insert with Xhol digested
RBP-eGFP vector, RBP-eGFP-RBP was successfully constructed (Table 2, #7), in spite of
the fairly low rate of colony with the correct sequence.

The vector used for cloning is the pET22b (+) vector (EMD Biosciences). The
ligation reactions were carried out at temperature of 16 °C for 16 hr. The single/double
digestions of plasmid and insert were performed according to NEB instructions. Novablue

(E.coli) electrocompetent cells (Novagen) were used for transformation and DNA plasmids
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were obtained using QIAprep Spin Miniprep Kit (Qiagen) and sequenced by Genewiz.

Figure 3 shows a typical agrose gel of PCR and digestion products.

Purification of RBP proteins

U with

The purification of RBP was generally following the published procedure'
minor alternations. Briefly, plasmids of tandem RBP binders were transformed into
Rosetta™ cells (EMD Biosciences) by electroporation. The cells were grown overnight in
LB broth containing 1% glucose and 100 pg/ml ampicillin at 37°C. Then the culture was
inoculated in 1L 2XYT with 100 pg/ml ampicillin and incubated until OD,,,=0.7 when IPTG
was induced to make its final concentration of 1.0 mM. The culture was shaked for another
19 hr before it was collected and centrifugated at 4700 rpm for 30 min at 4°C. After that, the
supernatant was discarded and cell pellet was resuspended in 50 mM Tris buffer with 300
mM NaCl, pH~7.8 (buffer A), followed by adding phenylmethylsulfonyl fluoride (PMSF) to
the concentration of 0.2 mM and then sonicating in ice-water bath for 14 min with 15 s
increments. Subsequently, the suspension was centrifugated at 14,500 rpm for 30 min at 4 °C
and the supernatant was collected and filtered through a 0.22 um filter before FPLC
purification.

For FPLC purification, a 5 ml Ni column (GE healthcare) was first washed and
equilibrated with 5 volumes of distilled water and buffer A. His-tag tandem binder was then
loaded on the column and equilibrated with buffer A, followed by gradient elution of 0-100%

buffer B (50 mM Tris, 300 mM NacCl, 500 mM imidazole, pH 7.8) in 25 ml volume. The

fractions with RBP proteins in them were collected and analyzed in SDS PAGE gel to
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determine the purity. Those with higher concentrations of target protein were pooled and
treated with 65 °C water bath for 5 min. After that, the mixture was centrifugated for 5 min
and the supernatant was collected and subject to dialysis against DPBS overnight. If needed,
the protein can be further purified using size-exclusion column (HiPrep 16/60, GE

healthcare) on FPLC with DPBS.

Biotinylation of RCNMV

RCNMV (2 mg/ml) was first placed 6,000-8,000 Da MWCO dialysis tubing
(Spectrum Labs) and dialyzed against 4 L of 50 mM sodium phosphate buffer, pH 7.1 at 4 °C
for 16 hr. Then the solution was transferred to an Eppendorf tube for centrifugation at 16,100
g for 5 min to remove the aggregates. The RCNMV concentration was determined by
Nanodrop and a ratio of 1.5:1 (w/w) EZ-link Maleimide PEG2-Biotin (Thermo) dissolved in
DMSO was added to the solution. The maleimide group can react with cysteines on RCNMV
and the reaction was run for 3 hours at room temperature, followed by a second round of
dialysis against 4 L of PBS at 4 °C for 16 hr. The biotinylated RCNMYV was then purified
using NAP-25 column (GE healthcare) and fractions with highest concentrations of RCNMV
were pooled. The integrity of RCNMYV can be verified by DLS (Figure 4a) and the ratio of
biotin/RCNMV was determined using fluorescence biotin quantitation kit (Pierce
Biotechnology). Figure 4b shows a typical biotinylation quantitation standard curve, which
was prepared using biocytin standards with known concentrations. The biotin concentration
of biotinylated RCNMV was calculated from the standard curve. The molar ratio of

biotin/RCNMYV was found to be around 60.
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Binding assay using Dynal ™ biotin binder beads

A volume of 50 pl of biotin binder magnetic beads (Invitrogen) were washed with
PBS with 0.1% BSA using a magnetic concentrator, biotinylated RCNMV was added to the
beads to make the total volume of 500 ul. The mixture was incubated at 4 °C overnight with
gentle rotation, and then washed with PBS-BSA before adding the RBP protein and
incubation for another hour at 4 °C with gentle rotation. The beads were again washed and
resuspended in 300 ul PBS-BSA. Finally, the suspension is run through a BD FacsAria™

flow cytometer and fluorescence data of GFP were collected.

Binding assay using Ni-NTA beads

A volume of 50 pl of Ni-NTA beads were washed with PBS-BSA using a magnetic
concentrator, RBP protein with a His-tag was added to the beads to make the total volume of
500 pl. The mixture was incubated at 4 °C overnight with gentle rotation, and then washed
with PBS-BSA before adding biotinylated RCNMV. The mixture was then incubated for
another hour at 4 °C with gentle rotation, and again washed and added with Streptavidin
Phycoerythrin (Strep-PE) followed by another 15 min incubation. After that, the mixture was
washed and resuspended in 300 pul PBS-BSA. Finally, the suspension is run through the flow

cytometer and fluorescence data of PE were collected.
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Results and Discussion

As shown in Figure 5, the original RBP-eGFP binds with greater affinity than RBP-
RBP-eGFP. To determine whether the lower fluorescence signal was a result of self-
quenching, a titration of binding experiment with varied protein concentrations was carried
out. As seen from Figure 6, 500 nM of RBP-RBP-eGFP was sufficiently concentrated to
produce saturated fluorescence signals, and that 1 uM of the protein did not result in self-
quenching. In the same experiment, the binding of RBP-RBP-eGFP with 10 aa linker and 15
aa linker (500 nM) were compared, the results suggested that the binder with 15 aa linker had
higher affinity than the binder with 10 aa linker. Comparison of RBP-eGFP and RBP-eGFP-
RBP binding was shown in Figure 8, this tandem binder still binds less than the RBP-eGFP
alone.

To verify the binding affinities of the RBP binders, a Ni-NTA beads binding assay
was performed. The results were shown in Figure 9. Surprisingly, the fluorescent signals of
the tandem binders RBP-RBP-eGFP , RBP-eGFP-RBP were greater than those of singular
binder RBP-eGFP, which appears to be contrary to the biotin-binder-beads experiments.
However, by examining the control sample of beads with virus and strep-PE (no protein), one
can see that it had the highest signal among all the samples. The only explanation for this
unexpected result was that RCNMV was capable of binding to the Ni-NTA magnetic beads.
Since RCNMV does not bind to Ni-NTA columns (data not shown), there was probably
functioanl groups or materials on the beads that had affinity to RCNMYV other than His-tag.
In this case, the beads immoblized with tandem binders had more space for RCNMV and PE

binding (compared to the singular binder), and as a result, higher signals were detected.
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Figure 7 shows an experiment comparing the RBP binding to RCNMV and Dox-
RCNMV. The infusion of Dox decreased the binding affinity of RBP-eGFP, but increased
that of RBP-RBP-eGFP. However, both the effects were limited, as indicated by a change of
10-15% in the fluorescence signal. Nevertheless, considering the degree of RCNMV
biotinylation, the results may be interpreted in a different way. Native RCNMV had 60
biotinylated residues, which only accounts for 1/3 of its subunits, leaving majority of its CP
intact for RBP binding. On the other hand, Dox-RCNMV had around 400 biotinylated
residues. The higher biotin rate means more RCNMV bound to the beads, yet potentially
blocking or altering the RBP binding site, which leads to less RBP binding to the virus.

It was demonstrated that the interaction between RBP and RCNMV was highly
avid'®, therefore, theoretically the tandem binder with two RBPs would have higher
molecular avidities. However, as shown by the binding assay results, tandem RBP binders
bound less than the singular RBP binder. In order to figure out the reason and to find a
possible solution, modeling and molecular dynamics simulation were carried out on RBP

proteins and RCNMYV (Chapter 7).
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Tables

Table 1. Amino acid sequences (in the mutated region) for original Sso7d and RBP, mutated

. . 163
residues are in bold font .

Protein Sequence

200 ... 300 ... 40
wild type Sso7d KKVWRVGKMISFTYDLGGGKTGRGA
RBP KYVLRRGKG IWF1YDLGGGKTGFGD
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Table 2. Vector and insert constructs for each cloning, random nucleotides are indicated by

NNN. All the vectors are pET 22b (+) based, and only the regions from Ndel to His-tag

coding sequences are shown, the remainder of the vectors are intact.

Cloning Construct
RBP-eGFP Ndel-RBP-linker2-EcoRI-eGFP-Xhol-His tag (#1)
vector

Target vector 1

Ndel-NNN-Sall-linker1-RBP-linker2-EcoRI-eGFP-Xhol-His tag (#2)

Actual vector

Ndel-NNN-Sall-NNN-EcoRI-eGFP-Xhol-His tag (#3)

New stretagy Insert Ndel-RBP-linker1-Sall + Sall-RBP-linker2-EcoRI  (#4)
Compatible ends  Insert Ndel-RBP-linker (10/15aa)-Asel (#5)

cloning

RBPRBPeGFP Ndel-RBP-linker1-undigestable site-RBP-linker2-EcoRI-eGFP-Xhol-
vector His tag (#6)

RBPeGFPRBP Ndel-RBP-linker1-EoRI-eGFP-Xhol-linker2-RBP-Xhol-His tag (#7)
vector
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Table 3. Primers used for each step of cloning tandem RBP binders. Labels of the primers are

listed in parentheses

Cloning Primer Sequence
Original Round 1 forward Primer (primer 1): 5’- GCA TGT CGA CGG CGG
Strategy CGG CGG CAG CGG CGG CGG CGG CAG CGG €CGG €aG

CGG CAG CGG CGG CGG CGG CAG CAT GGC GAC CGT
GAA ATTTAA A -3

Round 2 forward Primer (primer 2): 5’ - GCT TAT CAT ATG ATC
GTG CAT CGA TGT TGC CTC ATA CGC TGT GCA TGT CGA
CGG CGG CG -3

Reverse primer (primer 12r): 5°- CTC GAG CTT GTA CAG CTC
G-3°

Round 3 Forward primer (primer 3) : 5> — GCT TAT CAT ATG
ATG GCG ACC GTG A -3°

Round 3 Reverse primer (primer 3r): 5’- GCAT GTC GAC TTT
TTT CTG TTT TTC CAG CATC;

New Strategy Forward primer (Sso7d_fwd): 5’-GAA TCC CAT ATG ATG GCG

Insert Ndel-RBP- ACC GTG AAA TTT AAA-3’

linker1-Sall
Reverse primer (rprimer_linker sall): 5°- ATC CAG TCG ACG
CTG CCG CCG CCG CTG CCG CCa Ccea TG Ccea cea cea
CCG CTG CCG CCG CCGCCTTTT TTC TGT TTT TCC AGC
ATC T-3’

Insert Sall-RBP-  Forward primer (primer_sall): 5 — ATC CAG TCG ACA TGG
linker2-EcoRI CGA CCG TGA AAT TTA AAT A -3’

Reverse primer (rprimer _EcoRI linker): 5’- GCC GCC GAA TTC
GCT GCC GCC GCC GCC GCT GCC GCC GLe aee aeT aee
GCCGCCGCCTTTTTTCTG TTT TTC CAG CATCT -3’
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Table 3 continued

Compatible Ends
Cloning
RBPRBPeGFP

Forward Primer (Sso7d_fwd)

Reverse primer (rprimer Asel linker)

5’-TTC ACA ATT AAT GCC GCC GCC GCT GCC GCC GCC
GCC GCT GCC GCC GCC GCC GCT GCC geceaeecaeC 11T
TTT CTG TTT TTC CAG CATCT -3’

Compatible Ends
Cloning
RBPeGFPRBP

Insert
Xhol-linker2-
RBP-Sall
Insert
Xhol-linker2-
RBP-Xhol

Forward Primer (primer_Xhol linker): 5’- AAT CCA CTC GAG
GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC GGC
GGC GGC GGC AGC ATG GCG ACC GTG AAATTT AAATA -
3 2

Reverse primer (primer 3r)

Reverse primer 5° - GGC ACT CTC GAG TTT TTT CTG TTT
TTC CAG CATCT -3’
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Figure 1. Yeast display platform, the target protein (blue) was expressed as a fusion protein
of the cell wall proteins Agalp and Aga2p, HA and c-myc are epitopes used for a

immunofluorescent labelling164.
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Figure 2. A) FPLC chromatogram for RBP-Dylight conjugate (corrected dead volume). A 10
ml gradient elution with buffer B from 0% to 100% (indicated in red) was conducted after the
elution of excess Dylight. B) Fluorescence data (corrected by cell viability) plot of RBP

conjugates applied in the cell delivery experiment.
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Figure 3. 1% agarose gel of PCR and restriction digestion products of RBP. Lane 1 PCR
marker, lane 2 and 3, PCR products of RBP, lane 4 and 5, digested plasmids, lane 6, 1 kb

marker, lane 7, intact plasmid.
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Figure 5. Fluorescence histogram of A) control beads with RBP-eGFP (no virus), B) control

beads with (15 aa linker) RBP-RBP-eGFP (no virus), C) beads labeled with biotinylated

RCNMYV and RBP-eGFP, D) beads labeled with biotinylated RCNMV and (15 aa linker)

RBP-RBP-eGFP. X-axis is FITC fluorescence in log scale, y-axis is the bead count. Average

fluorescent signals are A) 90, B) 75, C) 1147, D) 288.
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Figure 6. Fluorescence histogram of A) control beads with 10 aa linker RBP-RBP-eGFP (no
virus), B) control beads with 15 aa linker RBP-RBP-eGFP (no virus), C) beads labeled with
biotinylated RCNMV and 10 aa RBP-RBP-eGFP (500 nM), beads labeled with biotinylated
RCNMV and 15 aa linker RBP-RBP-eGFP D) 10 nM, E) 100 nM, F) 1 uM. x-axis is FITC
fluorescence in log scale, y-axis is bead count. Average fluorescent signals are C) 186, D)

138, E) 367 and F) 374.
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Figure 7. Fluorescence histogram of A) control beads with RBP-eGFP (no virus), B) control

beads with (15 aa linker) RBP-RBP-eGFP (no virus), C) beads labeled with biotinylated

RCNMYV and RBP- eGFP, D) beads labeled with biotinylated RCNMV and (15 aa linker)

RBP-RBP-¢GFP. E) beads labeled with biotinylated Dox-infused RCNMV and RBP- ¢GFP,

F) beads labeled with biotinylated Dox-infused RCNMYV and (15 aa linker) RBP-RBP-eGFP.

x-axis is FITC fluorescence in log scale, y-axis is bead count. Average fluorescent signals are

A) 72, B) 67, C) 336, D) 107, E) 305, F) 124.
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Figure 8. Fluorescence histogram of A) control beads with RBP-eGFP (no virus), B) control
beads with RBP-eGFP-RBP (no virus), C) beads labeled with biotinylated RCNMV and
RBP-eGFP, D) beads labeled with biotinylated RCNMV and RBP-eGFP-RBP. x-axis is
FITC fluorescence in log scale, y-axis is bead count. Average fluorescent signals are A) 82,

B) 67, C) 170, D) 106.
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Figure 9. Fluorescence histogram of A) control beads only, B) control beads with strep-PE

(no virus or protein), C) control beads labeled with biotinylated RCNMV and strep- PE (no

protein), D) beads labeled with RBP-eGFP, biotinylated RCNMYV and strep-PE, E) beads

labeled with RBP-RBP-eGFP, biotinylated RCNMV and strep-PE, F) beads labeled with

RBP-eGFP-RBP, biotinylated RCNMYV and strep-PE. x-axis is PE fluorescence in log scale,

y-axis is bead count. Average fluorescent signals are A) 228, B) 384, C) 16440, D) 1076, E)

6629, F) 11106.
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CHAPTER 7

Molecular Dynamics Simulation of Tandem Protein Binders
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Introduction

Molecular dynamics (MD) simulations are used to study the behavior of biological
macromolecules from a microscopic point of view. Given the complexity of the subject
system (ranging from thousands to millions of atoms) and the length of the simulation time
(ranging from nanoseconds to microseconds), parallel computing is required. Fortunately,
computational programs designed to treat these problems are scalable, and are compatible

with parallel computing'®

. NAMD is such a program that uses a combination of spatial and
force decomposition, along with an adaptive measurement-based periodic load balancing
scheme, to maximize the utilization of processors and achieve efficient performance'®.
Visual molecular dynamics (VMD) is the molecular graphics software for visualization and
analysis of structural output from NAMD, as well as model building'®*'%’.

The fact that the tandem RBP binders had lower affinity than singular RBP binder
(Chapter 6) calls for the application of molecular modeling and dynamic simulation to the
binder-RCNMYV system. In this project, MD simulation was first employed to visualize the
binding of the tandem yeast display protein, RBP-eGFP-RBP (ReR) to RCNMV. Although
the specific binding site of RBP is unknown, the tandem binder was docked onto a hexamer
of RCNMYV CP in a plausible way: both RBPs bind to the protruding domain of subunit A
facing the same direction (Figure 1). Based on this type of model building, the binding of
ReR to RCNMV was determined to be geometrically feasible. Then, to account for the

observation that ReR binds less well than a monomer yeast display protein, RBP-eGFP, a

hypothesis of decreased binding by tandem RBP was proposed. Given their proximity, the
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RBPs have the tendency to form intra-molecular dimers, which competes with binding to
RCNMV. Therefore, MD simulations on tandem RBPs were carried out in order to observe
the interaction of the two subunits. The conformations of the tandem binders were defined as
“closed” and “open” according to the closeness of the two segment RBPs (Figure 2A, B,
Figure 4A, B).

The simulation methods developed were also applied to the system of the Fc portion
of human immunoglobulin G (hIgG) and its binding proteins. The hFc and its binder can
serve as an excellent subject for simulation, partly because the Fc fragment is found in nature
as a dimer. This dimeric form is quite suitable for a tandem binder of the type proposed for
RCNMV. In addition, unlike RCNMV, the binding sites of hFc protein are known since the

protein has been structurally characterized in the X-ray crystal structure (PDB ID: 1FCC).

Methods

VMD was used for generating protein structure files (PSF). These consists of a box of
TIP3P water molecules and atoms of Na’ and Cl to neutralize the protein and model the
appropriate ionic strength. Mutations of the structures were created in VMD using the Mutate
Residue tool. All the simulations were run using NAMD 2.7 under periodic boundary
conditions. The models were first minimized for 1,000,000 steps with gradual heating to
reach 298 K and then equilibrated for 100 ps. MD simulation was carried out at 298 K using
a cutoff of 1 2A and CHARMM force field specifications'® with a time step of 2 fs.
Constraints were used when there was a necessity to move a certain atom or a group of

residues to a target position, while keeping the rest of the molecule at fixed positions or
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allowing them to move freely. To apply constraints, a new PDF file of the molecule under
study was created as a temporary file. Target coordinates and a force constant of 15-30
kcal/mol/A? for the atoms of interest were written into the file. The distance and angle data
were extracted from the trajectory file (with the dcd extension) using the program carma

(molecular dynamics analysis program) '®’.

Results and Discussion

MD Simulations on tandem RBP binders

The RBP structure file can be obtained from multiple mutation steps of the Sso7d
structure file (PDB ID: 1SSO). The tandem binders were constructed using one GFP, two
RBPs and two linkers. For the first step, GFP was fixed, and the linker peptide was
translocated and rotated so that its N terminus was located closely to the C terminus of GFP
at an appropriate angle, using home-made programs. The resultant structures can be fixed
(linked) using the PSF builder in VMD. The remaining pieces were attached to the piece of
GFP/linker in the same way. The final structure was then minimized and equilibrated by MD
simulation.

To visualize the binding of tandem RBP and RCNMYV, a hexamer (dimer of two
trimers) of RCNMV CP was selected and translocated to the origin of the axis. Then the
hexamer was rotated so that its surface was perpendicular to the z-axis. After that, the ReR
binder was also translocated and rotated until it was almost docked on the top of the
hexamer. Since it is unknown where the binding site is, the model was refined to reflect the

actual situation as much as possible. In order to achieve that, several atoms from subunit A
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and two RBPs were randomly picked, and the atoms of the RBPs were constrained in such a
way that the distances of the atom of RBP and the atom of subunit A in both binding
proteins/subunits were the same. The binder was then run in MD simulation correspondingly
for several rounds with different atom constraints. The final output is shown in Figure 1, one
can see that the docking of the ReR binder (grey) on RCNMYV hexamer ( blue, red and green

represents subunit A, B, C) with interaction of subunit A is reasonable.

Dimerization of RBP tandem binders

To construct a ‘closed’ conformation, the free ReR from a previous section was used
as a template. The two RBPs were constrained to the position where they are closely facing
each other with the mutated surface residues (Figure 2A, B). The reason for constraining the
whole RBP is to avoid tearing apart the protein with one or several points of force
application, given the long moving distance. The “closed” ReR was then subjected to several
rounds of MD simulations, and the output from each run is shown in Figure 2, with mutated
surface residues highlighted in green and yellow for each RBP. One can see the two RBPs
were moving toward each other during the simulation, and the gap of the two RBPs
originally present after the constraint eventually disappeared. The other thing to notice is that
the linkers are not fully extended, and the distances between GFP and RBPs were shortened
over time. To further elucidate the attraction between two RBPs, three pairs of the mutant
residues from either RBP were selected and their distances (using a-carbons) during
simulation were extracted. As shown in Figure 3, all of the distances decreased at the

beginning and came to equilibrium after 4 ns. The distance of two residues from the same
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RBP is also shown as a control (blue line), whose value almost remained constant during the
simulation. The result validates the assumption that a portion of ReR is in the closed
conformation and not able to bind RCNMV. The same procedures of MD simulation and
distance calculation were applied to RBP-RBP-eGFP (RRe), and results are shown in Figure
4 and 5, it seems that the dimerization of RRe was not as pronounced as ReR, with regard to

the distance change.

Simulation on igG
Our collaborator has developed a binder for the hIgG using Sso7d scaffold protein

and the binder was denoted as Sso7d-hFc'”®

. Also developed were pH-sensitive binders using
single histidine substitutions and yeast display screening method. The two were called
Sso7d-his-hFc with single mutation of TYR40 to HSD40 and Sso7d-ev-hFc with completely
different mutated residues (at the same positions), respectively. In addition, the method of
yeast surface display was used for epitope mapping, where residues A378, E382, M428 and
Y436 in the CH3 region were found to be essential for the binding' ™.

The structure file of hFc dimer composed of two heavy chains each containing
domains CH2 and CH3 was adopted from PDB (ID: 1FCC)'". The structure files of tandem
hFc binders were obtained from mutations of ReR. Using the same method described above,
the tandem binders were first brought as close to hfc as possible, and the binders were
constrained to the position where their mutated residues facing the epitope residues

discovered by our collaborator. The whole system was then subjected to several rounds of

MD simulation and the output is shown in Figure 6. The mutants on the tandem binder were
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colored in yellow and the epitope residues on the hfc were colored in red. In the case of
Sso7d _his_hfc binder, it was observed in the simulation that the mutant residue HSD40 of
the binder interacted with the epitope residue TYR436 intensely. As seen from Figure 7A (an
expansion of the output of the particular binder), the two residues (highlighted in VMD) are
quite close to each other, with stacked aromatic rings. The side chain dihedral angles y; 2 of
HSD40 and TYR436 were extracted and their change during simulation is displayed in
Figure 8, where one can see the vibration and flips of the aromatic ring of TYR436. The
importance of the residue HSD40 in binding interaction agrees with the experimental data
that the residue is responsible for the pH-dependent binding. Whereas in the case of ev-hFc,
this interaction was no longer available because of its different mutated residues (Figure 7B),
besides, the place of binding of ev-hFc may be somewhat different than the other binders.
Additionally, it was reported in the paper that the Kp (dissociation constant) of the original
hFc binder, the his-hFc binder and the ev-hFc binder are in an increased order. This is
probably partly due to the decrease of the aromaticity of this particular residue 40 of the three

(tyrosine, histidine and leucine, respectively).

Constructing rigid linkers for tandem binders (future)

Because of the dimerization issue with current tandem binders, it was proposed that a
rigid linker can be used instead of the flexible linkers and the GFP protein. However, a total
rigid linker would result in difficulties in simultaneous binding of the two binding proteins.
Therefore, linkers were designed containing a rigid part in the center and flexible parts at the

ends, with similar length of the rigid part and flexible parts, in order to prevent dimerization
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and allow flexibility for both the proteins reaching the binding site at the same time. There
are a few candidates for the rigid part of the linker. Polyproline helix has been used as a
“molecular ruler” due to its formation of rigid type II helix, with all trans-conformation
prolines'””. However, recent studies discovered that the average end-to-end distances of
polyprolines was deviated from theoretical values, especially in the case of longer helixes'”.
The decrease of the helix length is probably due to the dynamic flexibility, as well as its
heterogeneity resulting from a small portion of cis isomers'’*. On the other hand, o-helix is
also a reasonable choice as a rigid linker. Acetyl-A(EAAAR),A-amide is one of the best a-
helices, which was developed by Marqusee and Baldwin, and later modified to enhance its

175,176

helical content . This particular a-helix and its derivatives has been used for a variety of

purpose """ The experimental design is to compare the binding of polyproline, a-helix, as
well as a regular flexible linker.

A series of tandem hfc binders with various linker lengths were constructed in VMD.
Using the similar method described above, simulations were performed on the binders along
with the hFc, with the constraints leading them to the binding site of hFc. By comparing the
results, the one with the most appropriate link length was selected and subjected to more MD
simulation. Figure 9 and 10 show the MD simulation output of the hFc and tandem hfc

binder with flexible and partial polyproline linker, respectively. The tandem binders are

being constructed in real experiments as well.
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Conclusion

The fact that RBP tandem binders bound less than singular binder triggered modeling
and MD simulation study of the binding proteins and RCNMYV. It was shown by docking the
RBP tandem binder onto a hexamer of RCNMV CP that the binding was geometrically
feasible. Further, MD simulation on RBP tandem binders using constraints demonstrated the
dimerization of the two RBPs in one binder, which thus reduced their chance of binding to
RCNMV. The simulation tool was also applied to a well-characterized system hfc and its
tandem binders, and the results were in agreement with experimental data. In order to
overcome the dimerization of two binding proteins, strategy of using partially rigid linkers
was proposed and it is under study currently. If succeeded, the binding affinities of tandem

binders would be higher than that of singular binders.
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Figures

Figure 1. The MD simulation output of ReR tandem binder (grey) docking on a RCNMV

hexamer (blue, red and green represents subunit A, B and C).
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“closed” ReR structure output of MD

SB)

open” ReR structure

13

Figure 2. A) original

simulation with constraints, outputs of closed ReR after C) 1, D) 3.5, E) 7, F) 10 ns of MD

simulation, mutated residues are colored in green and yellow for each RBP.
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Figure 3. Changes of distances of three pairs of mutated residues from either RBP (25-362
red, 30-354 green and 32-345 purple) and one pair of residues from one RBP (21-31, blue) as

control during MD simulation.
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Figure 4. A) original “open” RRe structure, B) “closed” ReR structure output of MD
simulation with constraints, outputs of closed ReR after C) 1, D) 2.7, E) 6.1 F) 10.5 ns of MD

simulation, mutated residues are colored in green and yellow for each RBP.
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Figure 5. Changes of distances of two pairs of mutated residues from either RBP (23-111

blue, 30-100 green) and one pair of residues from one RBP (21-31, red) as control during

MD simulation.
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Figure 6. MD simulation output of tandem hFc binder (grey) and hFc dimer (cyan and blue).
The mutated residues on the binder are colored in yellow and the epitope residues on the hFc

are colored in red.
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Figure 7. Expansion of the binding area of A) his hFc binder, the two actively interacted
residues HSD40 on the binder and TYR436 on the hFc are highlighted in VMD. B) ev_hFc
binder. Other mutated residues on the binder are colored in yellow and the epitope residues

on the hFc are colored in red.
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Figure 9. MD simulation output of tandem hFc binder (grey) with a flexible linker (yellow)

and hFc dimer (cyan and blue).
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Figure 10. MD simulation output of tandem hFc binder (grey) with a partially polyproline
linker (yellow) and hFc dimer (cyan and blue). The polyproline part of the linker is

highlighted.
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CHAPTER 8

Constructing PVN based on Turnip Yellow Mosaic Virus and Geminiviruses
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Introduction to Turnip Yellow Mosaic Virus

Although mainly working with RCNMYV, we have been continuously exploring other
plant viruses that are potential candidates for making a cancer therapeutic PVN. The Turnip
Yellow Mosaic Virus (TYMYV) project was based on the collaboration with research lab of
Dreher in Oregon. There are several reasons of choosing TYMV. One unique characteristic
of TYMYV is that under certain circumstances, several subunits along with viral RNA would
be dismissed from the virus, leaving an empty shell with a large opening, and the
construction is known as ATC. ATC shows great stability and can potentially be used for
drug/nucleotide loading. Both TYMV and ATC have been well characterized. The CP of
TYMYV can be expressed in E. coli, and has been shown spontaneous in vitro assembly into
virus-like particles (VLP).

TYMYV, from Tymoviridae family, is also an RNA plant virus whose capsid is a T=3
icosahedron composed of 180 20 kDa CP with three quasiequivalent conformations. TYMV
contains one 6.3-kb genome RNA flanked by 82 nucleotide of tRNA-like domain at 3’-
end'”. Over one-third of the genome has two extensively overlapping ORFs that encode cell-
to-cell movement protein p69 and a 206 kD protein precursor, which generates several
proteins responsible for methyltransfer, proteinase, NTPase/helicase and polymerase'** '*!. A
smaller (0.69 kb) subgenomic RNA (sgRNA) is produced and served as mRNA for more
efficient translation of the 28 kD coat protein, and the sgRNAs can be encapsidated with
genomic RNA in a few cases'*> >, TYMV has a cytosine-rich genome (39% C, 17% G),
which is thought to play an important role in RNA-protein interactions. The virus RNA

forms two hairpins with internal C-C and C-A mismatches that allow for protonation in
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acidic conditions, which was suggested to be a packaging initial signal according to one of
the major encapsidation models'™.

Unlike RCNMYV, the protruding configuration on TYMYV capsid consists of hexamers
(B, C subunits) and pentamers (A subunits) at five-fold and quasi six-fold, respectively'®.
Different conformations of subunits are probably resulted from different levels of orderness
of N-terminus, as well as its interaction with RNA'®. The N-terminus of TYMV is distinct
from many other plant viruses in that it is mainly negatively charged and is ordered for
subunit B and C. While in common plant viruses, the N-terminus is orderless and positively
charged, so that it can interact with the negatively charged RNA/DNA. Furthermore, TYMV
CPs with deletion of up to 26 N-terminus residues were found to possess the ability to form
VLPs and infect plants without losing its integrity'™.

In natural TYMV, a small amount of empty capsid can be found together with the
complete virion after virus purification. The phenomenon was first reported by Markham,

187 . .
. Extensive studies

and the particle was later referred to as natural top component (NTC)
have been conducted and it has been discovered that besides minor natural existence, major
empty particles can also be obtained artificially under extreme circumstances such as high
ionic strength and pH, high pressure, freeze and thaw process and so forth ™', These
particles are known as artificial top component (ATC) and share quite similar structures with
NTC and the two can be co-crystallized indistinguishably. The particle was described as an
empty protein shell in absence of 5-9 CP (usually a pentameric capsomer protruding) and
genome RNA, suggesting that the RNA escaped the hole resulting from the missing capsid

192

subunits . The conformational differences of empty shells and intact virus lie in the loop of
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the coat protein at the edge of the opening hole, as revealed by the crystal structure '*°.

Surprisingly, the ATC shows greater stability than the native virion, especially in basic

. 189
solutions

. The method used in our lab (adopted from our collaborator’s lab) to produce
ATC is a freeze-thaw process, which has been investigated in detail”'. Studies showed that
RNA stayed within the virion during the freezing process, and escaped through the hole on

the capsid resultant from decapsidation upon thawing '**

. The radius of the opening can be as
large as several nanometers, which can be utilized for particle infusion and interior
modification. CPs of TYMYV can be expressed in E. coli, and has been shown spontaneous in-
vitro assembly into VLPs.

The unique ATC structure seems to be quite suitable for infusion and internal
modification. Attempts of infusion of fluorescein and polyC nucleotides have been made. An
important problem of the infusion is to “cap” the ATC, so that the cargo would not diffuse
out. The idea of a nanodisc has emerged a decade ago and has been a useful tool to study
membrane proteins by providing soluble and native state- resembled environment'> '*°. A
nanodisc is composed of a phospholipid bilayer and a membrane scaffold protein (MSP),
which encircles the lipid bilayer. The ratio of the two can be optimized for different types of
lipids and proteins, and the size of the disc can be customized by MSP'®". The self-assembly
process of a nanodisc can be induced by the removal of detergent from the mixture, either by

adding BioBeads (which absorbs detergent) or dialysis'*®

. It was proposed to adopt the
nanodisc idea to ATC capsidation, where ATC was served as a MSP, and the lipids can

assemble into the large opening of ATC.

154



Methods for TYMV

Purification of TYMV

The purification of plant viruses using Bentonite was developed by Dunn and
Hitchborn'”.  We used the Bentonite method to purify TYMV with small alternation.
Briefly, Bentonite Blending Buffer, which is a 10:1 mixture of blending buffer (10 mM
NaKPO4, pH 7.6, 10 mM MgSO,) and bentonite solution, along with plant tissues were
added to a blender in a ratio of 3:1 (v/w). Following blending, the suspension was
centrifuged at 18,000 g for 20 min at 8 °C and immediately filtered through a cloth sheet.
After that, %4 original amount of bentonite was added and the solution was swirled around
occasionally for 10 min. Another centrifugation and filtration was performed using the same
condition, followed by ultracentrifugation at 192,000 g for 2 hr at 10 °C. Subsequently, a 3
ml 50:1 mixture of resuspension buffer (10 mM NaKPO,, pH 7.6, 1 mM MgSO,4) and
bentonite was added to each ultracentrifugated pellet, which was then shook for 1 hour
followed by centrifugation at 18,000 g for 15 min. A second ultracentrifugation was
performed on the supernatant from last step under the same condition. The pellets were then
resuspended in 1 ml resuspension buffer overnight, and the residual debris was removed
using centrifugation at 16,000 g and 4 °C for 10 min. The concentration of TYMV can be

determined by OD,¢9, with an extinction coefficient of 8.4 ml/mg/cm.

Separation of TYMV and ATC
The resulting TYMV usually contains a majority (~90%) of full virus and the rest is

ATC. To isolate them, one can use CsCl gradient ultracentrifugation. CsCl (54 g) was added
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to 100 ml of 30 mM sodium acetate with 1 mM MgCl, and 0.01% Sodium Azide, pH 6.0 to
make the CsCl solution. The virus was then added on top of the CsCl solution, followed by
ultracentrifugation in a swinging bucket rotor at 135,000 g for 24-48 hr. A faint white band
of full virus would show up in the middle of the tube. Next, a 1 ml pipette was used to take
out fractions from the tube and 2-3 of the most concentrated fractions were pooled together.
To exchange the CsCl in the buffer, the virus solutions were flowed through microcons
(Millipore) and the desired buffer was added, then the microcons were spun for several times
at a recommended speed. Figure 1A shows a typical UV/Vis output of eight fractions from
ultracentrifugation of purified TYMV, where fractions 5 and 6 are TYMV. The fluctuation of
the absorbance above 1.0 is due to the limitation of the instrument, but one can still tell that
the peaks of fractions 5 and 6 are at 260 nm, which can also be confirmed using diluted
samples.

The starting material to make ATC is a full capsid TYMV with a concentration no
less than 8 mg/ml in 10 mM Tris-HCl pH 7.4. To freeze, the tube was placed in liquid
nitrogen for 2 min, and then thawed in a room temperature water bath. After that, 60 units of
RNaseA and 30 units of RNase T1 was added to the mixture, followed by a 30 min
incubation. CsCl gradient ultracentrifugation was carried out as described above, with a CsCl
concentration of 35% (w/v). The UV spectrum of ATC features a large 224 nm peak and a
smaller 280 nm peak. Figure 1B shows a typical UV/Vis output of six fractions from

ultracentrifugation of concentrated pure TYMV, where fraction 4 is ATC.
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Infusion and Cap of ATC

The infusion was carried out using ATC and fluorescein or polyC nucleotides (5’
cy3-CCCCC-3" RNA from IDT, cy3-CCCCCCCCCC from MWG/Operon) in 20 mM
potassium phosphate buffer (pH 7.4) for 3 hr at room temperature in a ratio of 1:600 and
1:50, respectively. The mixture was then run through a Nap-25 column, and the most
concentrated fractions were pooled and the resultant solutions were subjected to dialysis and
nanodisc experiments. For overnight dialysis, 1,000 KDa MWCO membrane and the same
buffer was used.

In the case of nanodisc, several protocols of self-assembly have been published'*> '*’.
Briefly, Dipalmitoylphosphatidylcholine (DPPC) stock solution was prepared in chloroform
at about 50 mM. To use, a desired amount of DPPC stock solution was placed in a glass vial
with corn shaped inner wall, and a gentle stream of nitrogen was blown into the solution
using a disposable Pasteur pipette tip with the purpose of drying the sample. The vial was
consistently rotated while drying and a thin film of phospholipid on its inner glass wall was
formed. Residual solvent was removed by sitting the vial in a vacuum dessicator overnight. A
solublization buffer containing 100 mM Na Cholate, 10 mM Tris and 0.1 M NaCl, pH 7.4
was added to the dry lipid to make a final lipid concentration of 50 mM. The vial was then
votexed, and sonicated in tap hot water until all the lipids were in solution and the solution
became clear.

Various molar ratios of reconstituted lipid solutions to ATC were added to the infused

ATC sample, followed by incubation at 37 °C for 3 hr. To remove the detergent, one method

is to use Biobeads (Bio-rad). Biobeads (1 g) was added to the suspension, which was then
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incubated with gentle shaking at room temperature for 4 hr. Subsequently, the supernatant
was collected and dialyzed in 25,000 Da MWCO membrane against the no-detergent buffer
overnight. The second method was to dialyze the solution in 6,000-8,000 Da MWCO

membrane for 24 hr at 37 °C, followed by a second dialysis using 25,000 Da MWCO

membrane under the same condition.

Results and Discussion for TYMV

After the first step of infusion, the ratios of polyC and fluorescein to ATC were found
to be ~10:1 and ~30:1, respectively. However, after the dialysis, the concentration of the
cargo was almost undetectable and the ratio dropped under 1:1. The results suggested that
there may be some weak interaction between the polyC nucleotides and ATC, but it was not
strong enough to withstand overnight dialysis. In the case of nanodisc, the ratio dropped to
about 2-3:1. It was observed during the experiment that the BioBeads do not only adsorb the
detergent, but also the cy3-polyC, which leads to the loss of the nucleotide and possibly
residual detergent in solution. Indeed, the ratio of polyC to ATC was found notably higher
after dialysis than BioBeads method in a factor of two. Neverthelesss, the results suggested
that either the formation of lipid bilayer at the missing part of ATC is not realized, or the
formation was too slow to compete with the diffusion of polyC, due to the low affinity of

polyC to inner surface of ATC, as well as the long dialysis process.
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Coarse Grained Modeling of TYMV

Shape-Based Coarse Graining (SBCG), developed by Arkhipov et al at University of
Illinois, is a method to build a simplified model of a molecular system for MD simulation.
The idea of CG is to represent groups of atoms by point masses (beads), which reduces the
complexity of large systems and overcomes the limitations in computational modeling””. CG
method has been successfully applied to several systems such as viral capsids, membrane
sculpting proteins and bacterial flagellum>**>%.

Since TYMYV has a crystal structure available, it is suitable candidate for CG method.
A TYMV trimer containing 8233 atoms was first coarse grained into 50 beads, and then the
CG trimer was mapped onto the whole virus copy by copy (Figure 2). Next, since the
interaction parameters generated from CG step are not realistic, they need to be refined to
reproduce the properties of original all-atom system. The refining terms include non-bonded
interaction Lennard Jones (LJ) potential and bonded interaction of bond and angle potentials,
which can be calculated from an all-atom simulation based on the Boltzmann relation. The
initial refinement treats variables (bonds and angles) as if they are independent, while in most
of the cases, they are not. Therefore, iterative refinements need to be carried out to adjust the
model (namely the bond and angle force constants Ky, and K,) until its stiffness is closer to
that of the all-atom model’®. The structural flexibility can be described by root mean square

deviations (RMSDs), which is inversely proportional to K, and K,**. As shown in Figure 3,

the force constants decreased and became closer to all-atom model over the iterations.
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Conclusion for TYMV

The vision of constructing TYMV based PVN was based on a two step process. The
first step involved loading drugs/nucleotides inside ATC through the large opening. The
second step consisted of then capping the ATC with phospholipids, adopting the idea of a
nanodisc. A further step would be to functionalize its CP through chemical or genetic
modification, as been demonstrated for RCNMV. The major challenge herein is to retain the
cargo inside the capsid during the capping process of the ATC. This can be realized by either
having moderate affinity of cargo to the inner surface of the viral capsid, or the rate of
capping process overcoming the diffusion rate of the cargo. However, as the result indicates,
the affinities of the cargo were not sufficiently strong. One reason is that unlike many other
viruses, the CP of TYMV lacks positively charged lysine/arginine residues, which makes it
difficult to retain negatively charged nucleotides. On the other hand, the process of capping
requires day-long dialysis, which would hardly overcome the diffusion rate of the cargo.
Therefore, the key to successfully construct PVN in the future is to find solutions to these

two major issues.
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Studies on Geminiviruses

The work described in this section was conducted in collaboration with Hanley-
Bowdoin lab in Department of Molecular and Structural Biochemistry.

An alternative way to destroy target cells is gene silencing, conventional method
applied in animal world is to employ dsRNA by direct injection or particle bombardment, the
disadvantage is that RNAs can be used up quickly and is not ideal for long term therapy.
While in plant world, several plant viruses have been studied for gene silencing ****%, the
technique is referred as VIGS (virus-induced gene silencing), where the target nucleotide
sequences were constructed into virus gene and released during infection and continuously
made replicates to silence the post-transcript target host gene. VIGS, especially DNA viruses,
has advantages over conventional gene silencing methods such as dsRNA injection, particle
bombardment or over vectors derived from RNA viruses, in thoroughness and persistence””’.

Geminiviruses are large plant virus families that infect a broad range of plants.
Geminiviruses have small single circular DNA replicating through a rolling circle
mechanism®”. During infection, those viral DNAs target plant nucleus and use plant DNA
polymerase to achieve propagation®”. In mature cells where no plant DNA polymerase was
detectable, geminiviruses reprogram the host gene expression to have it reload DNA
replication machinery. Mammalian DNA tumor viruses work in a similar way. They alter
host cell cycle by encoding a protein binding to the retinoblastoma protein (pRB) *'. pRB is

a negative regulator for cell cycle progression, partly in its interaction with E2F transcription

factors®'' that repress gene expression required for entering S phase”'. The binding disrupts
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the interaction of pRB and E2F, and makes the differentiated host cell reenter S phase and
initiates DNA replication. Analogously, geminiviruses encode proteins binding to pRB,
resulting in pRB/E2F repression. Because of the great similarity of the geminiviruses with
tumors viruses, our idea was to use geminivirus to construct a VIGS for human tumor cells.
However, the goal of the geminivirus targeting vector would be to have continuous supply of

DNA for targeted gene silencing.

Methods for Geminiviruses

First, transfection was tested using both electroporation and lipofectamine. For
electroporation, a concentration of 4*10° cells/ml was used to mix with 5 ug virus DNA,
followed by electroporation (Bio-rad electroporator) using settings of 500 capacitance and
voltage of 0.2 to 0.3 kV. After that, the mixture was transferred to a T-25 culture flask and
allowed growing overnight. Lipofectamine transfection was performed using lipofectamine
2000 (Invitrogen). Following the instruction, Hela cells were seeded in 6-well plate at a
density of 1.2*10° cells/ml in antibiotic free medium to promote adherence. Transfection was
performed in serum free medium (Opti-MEM) with 0.8-5 ug DNA and 1-5 pl lipofectamine
per well. After 5-hour incubation, double serum medium was added for further cell culture.

Target DNA was collected by first trypsinizing adherent cells and then lysing them
using Proteinase K, SDS and DNA buffer. After that, phenol/chloroform extraction and DNA
digestion was conducted, followed by ethanol precipitation to obtain whole cell DNA.
Subsequently, restriction enzyme Dpnl (to cut input DNA) and Xhol (to cut target DNA) was

incubated with the extracted DNA, and all the digested fragments were run on an agarose gel.
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The was later washed with acid, denaturation and neutralization reagent before Southern blot.
10X SCC was used as the transfer buffer for the overnight Southern blot. The membrane was
then crosslinked, hybridized with radioactive probe, washed and finally visualized by

autoradiography.

Results and Discussion for Geminiviruses

The two transfection methods were tested by the DsRed plasmid (expressing red
fluorescent protein), and the results suggested that the lipofectamine transfection was much
more successful than electroporation (data not shown). Therefore, lipofectamine was used in
later experiments. Unfortunately, target replicon DNA was not observed on the film, while
the control of Dpnl digested input DNA was present. The results suggested that there was no
significant replication of viral DNA, which is most likely due to the fact that the species gap
of geminivirueses and tumor cells was too large.

If continuing the study, finding a substitute of geminivirus DNAs that has a better
chance to replicate in tumor cells and at the same time being closely related to geminiviruses
may work as a solution. The genomes of porcine circovirus (PCV) has the highest
resemblance to plant circovirus genomes rather than expected animal circoviruses™” and is a
intermediate between plant circovirus and geminiviruses®'*. PCV is a single-strand DNA
virus, similar to geminiviruses, it has a nonanucleotide (TAGTATTAC) stem-loop structure
at the origin of sequence and rep proteins that contain three conserved RCR motifs*'>. PCV
is thus thought to replicate by rolling circle mechanism through dsDNA intermediate

6

resembling geminiviruses’'®. PCV has been successfully transfected and found to be
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*17 To realize the goal of constructing and

expressed and replicated in human cancer cells
delivering PVN, proposed major experimental steps are as follows. First the replication of
PCV in tumor cells needs to be validated. Then the gene silencing can be examined by
insertion of a known foreign gene such as GFP. The next step is to build a virus particle with

the CP of the geminivirus and the genome of PCV. Finally, a gemini-circo VIGS vector that

targets the tumor cells and delivers genes can be constructed.

Conclusion for Geminiviruses

The idea of delivering plant virus nanoparticles that contain genes of interest to tumor
cells while maintaining viral replication activity in order to carry out sustainable gene
silencing is highly innovative yet risky. Despite the similarities in replication mechanisms of
geminiviruses and tumor cells, the species gap seemed to be too large, as indicated by
experimental results. A possible solution to overcome the gap is to use a genome from a
mammalian virus as a substitute for the DNA of geminiviruses. PCV, with its genetic
resemblance to geminivirus and ability to replicate in cancer cells may be a proper choice.
Nevertheless, experimental steps need to be validated in order to construct a gemini-circo

virus and realize gene delivery/silencing as a therapeutic intervention.
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Figure 1. Typical UV/Vis outputs of fractions from CsCl gradient ultracentrifugation of the

purification of A) TYMV B) ATC
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Figure 2. Coarse-Graining of TYMV. A) All-atom trimer of the CP, B) CG trimer, C) CG

whole virus capsid
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CHAPTER 9

Conclusion
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A variety of methods were attempted with the purpose of constructing PVN that
target tumor cells and deliver therapeutic drugs or nucleic acids. RCNMYV, as the major
subject plant virus under study, has a unique characteristic of reversible pore-opening
mechanism upon the depletion of divalent ions. The open pores were employed for drug
infusion, which was the first step of constructing RCNMYV based PVN. The second step was
to functionalize viral capsid surface for cell targeting. Conventional methods of modifying
the CP was to conjugate a targeting peptide using either the bifunctional linker SMCC
containing functional groups that react with RCNMV and targeting peptide, or targeting
peptide with maleimide group that reacts with RCNMYV directly. Although both the methods
resulted in successful peptide conjugation as revealed by MS, using the maleimide peptide
was a much better choice than using the linkers, resulting in increased reaction efficiency and
colloidal stability, as well as fewer redundant modifications. A second method modifying CP
was to introduce a targeting peptide sequence into the loops of CP genetically. Results
showed only one mutant (out of 20) produced virion in plants with systematic infection.
However, the mutRCNMYV (with a RGD sequence inserted at C-terminus) was found to have
T=1 structure and thus incapable of being infused. In addition, the mutRCNMYV did not show
higher affinity to melanoma cells than the control in a delivery experiment. The third method
was to use RBP as a base for the incorporation of targeting peptide. Tandem RBP binders
were constructed in expectation of increasing molecular avidity. Unfortunately, results from
binding assays suggested a contrary case. To figure out the reason of decreased binding
affinity of the tandem binders, MD simulation was performed. The simulation study

validated the dimerization of the two RBPs within one binder, which reduced the binding to
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RCNMYV as a result. In order to overcome the issue of dimerization, tandem binders with
partially rigid linkers were designed and their binding affinity was expected to be higher than
singular binders. Other than RCNMYV, studies were conducted on plant viruses such as
TYMV and Geminiviruses to construct therapeutic PVNs. However, major problems were
encountered during the experiment, and the goals were not achieved. In conclusion, the most
promising PVN construction was probably the bio-conjugation using a maleimide peptide

and the tandem RBP binder with partially rigid linkers.
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Supporting information for mass spectrometric detection of inter- and intra-molecular
bioconjugate chemistry in red clover necrotic mosaic virus
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Use of proteases for digestion of RCNMYV to extend the coverage

In order to locate the sequences were not covered by trypsin and chymotrypsin
digestion, other enzymes were tried. Pepsin has a primary digestion site at FWYEI, but
further digestion can be random. Digestion using was carried out in 10mM HCI, after certain
time, the reaction was quenched by sodium phosphate buffer (pH~8.0, bring pH above 7).
Then the whole sample was frozen at -20°C waiting for the following processing steps. Urea
or boiling was used to help unfold/denature the protein. The method was applied on BSA
protein as a reference. Ratios of pepsin and RCNMV from 1:5 to 1:500 (wt: wt) were tried.

The gel in Appendix, Figure 7 shows pepsin’s digestion pattern. For the first few
minutes, the virus was digested very quickly, but in a few minutes, the digestion appeared to
be arrested. Large protein/peptide pieces were left undigested. The reason for this result
cannot be self-digestion or inactivation of the protease since the pepsin blank was still
evidence as can be seen from the gel. To attempt to circumvent this problem, pepsin was also
added at time points 15, 30 and 45 minutes after the initiation of the reaction to ensure that
active pepsin was present in the solution.

Software searching on Mass spec data for those samples gives no reproducible
results. Some had higher coverage but questionable peptides. By examining the masses of
peptide, unlike tryptic digestion, we found a major part of them lies below 1000Da, those are
mostly non-specific fragments, and were difficult to identify. This agrees with the gel results,
in that pepsin seemed to digest only the accessible part of the virus, but did not reach further.
While trypsin digested most parts of the virus, as it should have, only the 6-10kDa pieces

were observed where no tryptic cutting sites available as is evident from the gel in Appendix,
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Figure 7. Experiments were also done on cutting the tryptic digested band out to perform an
in-gel digestion, without any observable further cutting that could increase the coverage.
GluC hydrolyzes polypeptides at glutamic acids in ammonium bicarbonate buffer,
while in phosphate buffer it digests both glutamic acids and aspartic acids. GluC was
explored as a possible avenue to increase the coverage, because there are several D and E
residues in the region 176-286 where trypsin does not give adequate coverage. However, the
digestion did not meet our expectation. As the gel showed in Appendix Figure 8 indicates,
GluC did not digest the protein significantly in either buffer (pH 8.0, overnight). No useful

data were obtained by mass spectrometry from these experiments.
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Figures

UPLC data and MS* chromatograms
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Figure 1. UPLC data from tryptic digestion on RCNMYV sample prior to mass spectrometry.
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Figure 2. MS® chromatogram of (145)SVSTAVYEKC(SMCCOH)SLTIPADNQWR(165)

from sSMCC conjugated RCNMV sample

194



Precursor mass 1090 696, charge 2.0
A I LKK f LTLR | bMax
f RLT — L — T K } < — L — yMax
_ ! ! : ! ! 10908080
£ oo 1 | | | | ¥
H I I I l l
o 1 I | 1 1
o 75 H 502.334 | | |
[ S v |
8F.0033 | | e
5 &0 - 3892496 ! | BaEsaEs
=] ya 1 1
5803745 -

% 25 ‘ 107 1270 370.1489) L’%\ b3'r 84@3%1 76 | l
E N Y R | T | 1 |
# o = T T y T T 1

o 500 1000 1418

M+H
B Frecursar mass 1108.7062, charge 2,15

'E 100
3
a
o 75
P Precursor
§ a0 ) 10906989 .~ 1108.71
o s no33 2011225 3 ¥
|>|( 25 86.0033 <Y1 les J vh ‘ || ‘ |
o
E, I 14 |J|| ||1| | ]]|| J“]I' " I|l l | \u | f | | .|| || Il
$ T T T T T T 1

o 500 1000 1441

M+H

Figure 3. MSF chromatogram of A) (101)LKK(SMCC)LTLR(107), b2 ion with modification
indicated in green and B) (101)LKK(SMCC-OH)LTLR(107), y5 ion without modification,

y5- ion with modification indicated in green.
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precursor mass 2305.2509, charge 2.73 Y13aVep
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Figure 4. MS® chromatogram of TVAIPFAK(~LSTSFC)TQIIK

Precursor ion is from RCNMYV conjugated with CD46 sample, most abundant ion [M+H]""
m/z 2305.25. Representative double-peptide ions were shown. Single peptide ions yi, ys, b;

were covered for chain o.
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Precursor mass 2021.0396, charge 2.76
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Figure 5. MS* chromatogram of (26)TVAIPFAK(~GSGSC)TQIIK(38)

Precursor ion is from RCNMV conjugated with GSGS peptide sample, most abundant
assigned ion [M+H]'" at m/z 2021.04. Representative ions were shown. As for single peptide

ions, all b, y ions for a chain was covered except yj, ys, bs, all b ions for f chain was covered.
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precursor mass 2793.4817, charge 3.72
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Figure 6. MS* chromatogram of (34)TVAIPFAK(~AHAVDINGNQVC)TQIIK (45)

Precursor ion is from RCNMV conjugated with ADH304 sample, most abundant ion

[M+H]” at m/z 2793.48, covered single ions include by, by, yi, y3-ys for a chain; by, by, for

B chain.
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Figure 7. Combined gel picture of 1:100(virus:pepsin) digestion, M=marker, V=virus,
P=pepsin, Try= Trypsin digestion overnight, B=EBSA, BB=BSA blank, numbers=#minutes of

digestion.

M %{"/ )/mr
Figure 8. Gel picture of GluC digestion M=marker, V=virus, PB=phosphate buffer, AB=

ammonium bicarbonate buffer Digestion ratio 1:20 (Gluc:virus)
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