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Abstract

Expression of Cowpea Chlorotic Mottle Virus Capsids in Pichia

pastoris and their Application in Nanotechnology

Yuanzheng Wu
Advisor: Prof. Hyun-Jae Shin, Ph.D.
Department of Chemical Engineering

Graduate School of Chosun University

Viruses and noninfectious virus-like particles (VLPs) exhibit the characteristics of ideal
building blocks with highly symmetrical, polyvalent, and monodisperse structures for their
utilization in nanotechnology. Cowpea chlorotic mottle virus (CCMV) is icosahedral virus
with a diameter of 28 nm which has been a model system for virus studies for over 40 years.
Recently CCMV has been considered to be a perfect candidate as nanoplatform for
applications in materials science and medicine. The ability of CCMYV to self-assemble into
VLPs in vitro makes it suitable reaction vessel for nanomaterial encapsulation and

modification.

Chapter-1 of this thesis is the general introduction of virus and virus capsids, and their

applications in nanotechnology.

Chapter-2 is the backgrounds and objectives concerning the originality of the thesis.
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In Chapter-3, the coat protein (CP) gene of CCMV was firstly optimized according to codon
perference and expressed in Pichia pastoris GS115. The synthesized CP gene (573 bp) was
cloned into Pichia shuttle vector pPICZ A under the alcohol oxidase I (AOX1) promoter.
The recombinant plasmid pPICZ A-CPsyns was transformed into P. pastoris GS115 by
electroporation. The resulting yeast colonies were screened by PCR and analyzed for protein
expression by SDS-PAGE. Transformant GS115-27-6 was selected for scale-up
fermentation in 5-L fermenter and CCMV CP yields reached up to 4.8 mg/mL. The CCMV
VLPs were purified by modified poly(ethylene glycol) (PEG) precipitation followed by
cesium chloride density gradient ultracentrifugation. The assembled CCMV VLPs were
analyzed by UV spectrometry and transmission electron microscopy (TEM). The resulting
data indicated the production of CCMV capsids by P. pastoris fermentation available for

utilization in pharmacology or nanotechnology fields.

In Chapter-4, CCMV capsids were employed to encapsulate Prussian blue (PB,
MFe[Fel'(CN)s] (M = NH,, Li, Na, K)) particles based on electrostatic interaction. A
negatively charged metal complex, hexacyanoferrate (II1), was entrapped inside the capsids
through the disassembly/reassembly process under pH change from 7.5 to 5.2. The loaded
capsids acted as nanoreactors because the metal complex could react with a second metal ion,
iron (II), to fabricate PB particles in protein cages. The synthesis of PB in CCMV capsids
was confirmed by unique colour transition of Prussian blue, UV-vis spectrum at 710 nm,
and size exclusion fast protein liquid chromatography (FPLC). TEM image PB-CCMV
biohybrids presented discrete spherical particles with relatively homogeneous size. The
hydrodynamic diameters of PB-CCMV were measured by dynamic light scattering (DLS)
showing two peaks of 29.24+1.7 nm corresponding to T = 3 particles, and 17.5£1.2 nm

corresponding to pseudo T = 2 particles. The encapsulation and synthesis of PB in CCMV
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provided a fast and efficient method for the self-organization of homo- and heterobimetallic

nanoparticles.

In Chapter-5, copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction was
exploited to the exterior surface of CCMYV for the first time. The exposed carboxyl residues
of CCMV were addressed with alkyne and further modified with azide through triazole
connection in the presence of CuSOs, TCEP, and BCDS. Fluorogenic coumarin was
successfully grafted on CCMYV and monitored by FPLC and UV irradiated SDS-PAGE.
Oligo-ethylene glycol (OEG) short chain and RGD (Arg-Gly-Asp) peptide were also
installed on CCMV via CuAAC reaction. FPLC, TEM, and DLS analysis verified the
modification and integrity of viral capsids. Interestingly OEG-CCMYV displayed a distinct
phenomenon of connected bridges with the intact capsids cross-linked with each other. Wild
type CCMV, OEG-CCMV, and RGD-CCMYV were absorbed onto APTES slides for the cell
binding with HeLa cells. The opposite adhesion behaviors between OEG-CCMYV and RGD-
CCMYV indicated the inhibition effect of OEG and promotion effect of RGD on cell
attachment. As the most widely recognized example of click chemistry, CuAAC reaction
paved a brilliant way for the design of bionanoparticle-based nanosensor, drug delivery

carrier, and tissue engineering materials.

In the appendix I, Heterocapsa circularisquama RNA virus (HcRNAYV) 109 CP gene was
expressed in P. pastoris using the same strategy as CCMV. The encapsulation of
fluorescence dye-labeled myoglobin by self-assembled HCRNAYV capsids demonstrated
potential application in the harmful algae blooms (HABs) control. The co-expression of
HcRNAYV CP and algicidal peptide PMAP-23-D7 was also accomplished with a structure
transition from polyhedral to rod-like particles which might stem from the insertion of

PMAP-23-D7 at N-terminus of HCRNAYV CP.
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In the appendix II, an efficient method for Pichia cell disruption that employed aminopropyl
magnesium phyllosilicate (AMP) clay-assisted glass beads mill was presented. AMP clay is
functionalized nanocomposite resembling the talc parent structure SisMgsO20(OH)s. The
total protein concentration reached 4.24 mg/mL after 4 minutes treatment by glass beads
mill combined with 0.2 % AMP clay, which was 11.2 % higher compared to glass beads
mill only and the time was half shortened. The stability of purified CCMV VLPs illustrated

it could be a reliable method for the disruption of yeast cell.

In conclusion, the expression of virus capsids in P. pastoris was established as a simple and
efficient approach. The encapsulation and modification of the capsids were achieved for

their applications in pharmaceutics and nanotechnology.
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Chapter 1. Introduction

Bionanotechnology or nanobiotechnology has become a rapidly developing area of science
research for its tremendous potential applications [Soto and Ratna, 2010; Wu et al., 2013].
Biological materials that display an astonishing variety of highly sophisticated architectures
are appropriate nanostructures for new material development [Uchida et al., 2007]. Their
prescribed shape together with the chemical and physical functionality provides huge
advantages over other inorganic and organic substances [Sotiropoulou et al., 2008]. The self-
assembled natural protein complexes, such as viruses and virus-based nanoparticles (VNPs),
ferritins [Meldrum et al., 1991], small heat shock protein [Kim et al., 1998], and enzyme
complexes [Domingo et al., 2001], have been employed as building blocks and templates in
bionanotechnology since last decade. These bionanoparticles (BNPs) can form robust
biosynthetic machineries while still being capable of modification by genetic and chemical

approaches [Lee et al., 2009].

Recently there have been some detailed researches which summarize the remarkable
progress of virus and virus capsids in biomedicine and anomaterial research. In this chapter,
we present the general introduction on virus and virus capsids and their utilizations both in

the encapsulation and surface modification with functional materials.
1.1 Virus and virus capsids

Virus is an infective agent that typically consists of a nucleic acid molecule in a protein coat,
is too small to be seen by light microscopy, and is able to multiply only within the living
cells of a host [Dimmock et al., 2009]. As the most abundant biological entities on earth,
viruses play a key role in biological systems [Suttle, 2005]. Virus-like particles (VLPs) are
multi-subunit protein complexes capable of self-assembly, forming structures that mimic the

3D conformation of native viruses. For lacking viral genetic material, VLPs are non-

-1-



infectious and unable to replicate [Edwards and Rohwer, 2005]. Viruses and VLPs exhibit
the characteristics of ideal building blocks with highly symmetrical, polyvalent, and
monodisperse structures which makes them widely used as emerging platforms in

bionanotechnology [Rodriguez-Limas et al., 2013].

Virus capsid is the protein shell of a virus which is consisted of several oligomeric structural
protein subunits (capsomeres) [Dimmock et al., 2009]. The capsid encloses genetic materials
and protects them from ambient environments. According to their structure capsids are
broadly classified into icosahedral, helical and complex structure [Nguyen et al., 2005].
Viruses exhibit a distinctive diversity of shapes and sizes ranging between 20 and 750
nanometers [Knipe et al., 2007]. Various viruses and VLPs that have been studied in the

field of nanotechnology are shown in Fig. 1.1.



Fig. 1.1 Structures of virus particles used for nanotechnology. (a) Cowpea chlorotic mottle
virus (CCMYV), 28 nm in diameter; (b) Cowpea mosaic virus (CPMV), 30 nm in diameter; (c)
Turnip yellow mosaic virus (TYMV), 30 nm in diameter; (d) Bacteriophage MS2, 26 nm in
diameter; () Bacteriophage P22, 58 nm in diameter; (f) Red clover necrotic mosaic virus
(RCNMV), 36 nm in diameter; (g) Bacteriophage M13, 6 nm in diameter and variable in
length; (h) Tobacco mosaic virus (TMV), 18 nm in diameter and variable in length; (i) top
view of TMV. Structures (a)-(f) were obtained from the VIPER, URL.:
http://www.viperdb.scripps.edu/; M13 image by Hemminga et al. Eur. Biophys. J. 39 (2010);

TMYV image by Jean-Yves Sgro, U. Wisconsin.



Icosahedral virus particles are nearly spherical in shape and exhibit icosahedral symmetry in
their arrangement [Knipe et al., 2007; Dimmock et al., 2009]. The icosahedron is composed
of equilateral triangles fused together into capsid, which generally has 20 facets and 12
vertices formed by one or several identical coat protein (CP) subunits. The spherical lattices
are collections of two-, three-, and fivefold rotation axes (5:3:2 symmetry). The capsid
usually assembles from 60- and 180-comma structures of pentamers and hexamers. The
quasi-equivalence principle of protein subunits and their three-dimensional arrangement is
illustrated by the triangulation number (T) which was originally proposed by Caspar and
Klug [Caspar and Klug, 1962]. Icosahedral viruses can self-assemble spontaneously into
capsids with diameter about 20—-80 nm and the size of capsids depends on the size and
number of capsomeres. The interior cavity of these cages offers the capacity to package
genomic materials or encapsulate other particles. The widely studied icosahedral viruses
include brome mosaic virus (BMV), cowpea chlorotic mottle virus (CCMV), cowpea mosaic
virus (CPMV), red clover necrotic mosaic virus (RCNMYV), turnip yellow mosaic virus

(TYMYV), bacteriophage MS2, and bacteriophage P22.

Helical viruses are comprised of a single type of capsomere stacked around a central axis to
form a helical structure, which result in a central cavity or hollow tube [Knipe et al., 2007;
Dimmock et al., 2009]. These viral helix arrangements are rod-shaped or filamentous, being
either short and highly rigid or long and very flexible. The genetic material, generally
single-stranded RNA (ssRNA), though ssDNA observed in some cases, is enmeshed by the
protein helix through interactions between the negatively charged nucleic acid and positive
charged protein [Hemminga et al., 2010]. Helical particles are typically about 15-30 nm in
diameter, and their lengths may range from 300 to 500 nm depending on the genome size.

Overall, the length of a helical capsid is determined by the length of the nucleic acid and the



diameter is dependent on the arrangement and dimensions of capsomeres. Bacteriophage

M13 and tobacco mosaic virus (TMV) are the standing examples of helical viruses.

Complex viruses usually have a combination of icosahedral and helical shape and contain
extra appendages and structures such as protein tails and/or complex exterior surfaces
[Knipe et al., 2007; Dimmock et al., 2009]. The head—tail morphology structure comprising
an icosahedral head bound to a helical tail is unique to bacteriophages that only infect
bacteria. The bacteriophage uses its tail to attach to the bacterium and insert its viral genome
into the cell like a molecular syringe. The poxvirus is one of the largest viruses in size and
has a complex structure with an outer envelope with a thick layer of protein studded over its

surface [Gubser et al., 2004].

Due to the well-defined structure and self-assembling system, a large number of viruses and
virus capsids have been elaborated to function as constrained reaction vessels, imaging
agents, drug/gene delivery vehicles, and other nanomaterials [Vriezema et al., 2005;
Steinmetz and Evans, 2007]. Most VLPs used for encapsulation/modification in
chemical/microbiological manner belong to the class of plant viruses. The reason behind this

lies in their easy availability and non-pathogenic behavior towards humans.
1.1.1 CCMV

Cowpea chlorotic mottle virus (CCMV) is a model plant virus belonging to the Bromovirus
group of Bromoviradea family [Bancroft et al., 1967]. The capsid consists of 180 copies of a
single protein (20 kDa, 190 amino acids) that form an icosahedral shell with an outer
diameter of 28 nm and an inner diameter of 18 nm (T = 3 symmetry) [Chen et al., 1990].
The low-resolution structure of CCMV has been determined by electron cryo-microscopy
(cryo-EM) at 3.2 A [Speir et al., 1993]. The most useful information that has been derived

from these studies is the location of the epitopes and the relative orientation of the attached



molecules with respect to the viral capsid. The quaternary structure of CCMV displays 32

prominent capsomeres: 12 pentamers and 20 hexamers as shown in Fig. 1.2 [Speir, 1994].

CCMYV was the first icosahedral virus to be reassembled in vitro into an infectious particle
from wild-type purified components, i.e., the coat protein and genome RNA [Allison et al.,
1988]. The most profound property of CCMYV is that the viral capsid can undergo reversible
structural transition depending on pH and ionic strength [Speir et al., 1995]. The capsid
expands into a radially swollen state around 10 % when pH increases from 5 to 6.5 under
low ionic strength (I <0.1 M). The swelling capsid with 60 separate open pores of 2-nm
diameter permits to ions diffuse freely into and out of the cavity. The capsid then
disassembles into protein dimers and RNA under high pH (above 7) and ionic strength (I ~ 1
M). After removal of RNA and with a change in pH, the purified coat protein subunits will
easily self-assemble and reform the empty capsids as presented in Fig. 1.3 [Tama and
Brooks, 2002]. This characteristic provides a unique molecular gating mechanism for

entrapment of organic or inorganic materials and release of entrapped materials.

In CCMYV, the surface charge arises from the acidic amino acid residues, aspartic acid (Asp,
D) and glutamic acid (Glu, E), which lie predominantly on the capsid exterior. In contrast
most of the basic residues, lysine (Lys, K) and arginine (Arg, R), are near the amino
terminus and project into the capsid interior [Gillitzer et al., 2002]. A simple calculation of
the pH dependence of the charge on a CCMV capsid on the pH from the pK, values of the
isolated residues in which the contribution of the basic (largely interior) lysine and arginine
residues is omitted-gives an isoelectric point (pI) of 3.6, which is essentially identical to that

of CCMYV [Johnson and Speir, 1997].

The high yield of CCMV capsid from natural infected leaf tissue (ca. 1-2 mg/g) capsid
makes it suitable for the development of viral-based protein cage [Bancroft and Hiebert,

1967]. Furthermore, heterologous expression of the coat protein in Escherichia coli [Zhao et
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al., 1995], Pseudomonas fluorescens [Phelps et al., 2007], and Pichia pastoris [Brumfield et
al., 2004] allows genetic alteration by site-directed mutagenesis. The wild and mutant-type
of CCMV capsids are tolerant of high temperatures and various pH's, stable in organic
solvents (e.g., DMSQO), and non-pathogenic for mammals. These conspicuous properties
enhance a wide range of applications of CCMV capsids in nanotechnology from

encapsulation to modification.



Monomers (180) Capsid (1)
28 nm

7 %N
s

Pseudo Hexamers (20) Pentamers (12)

Fig. 1.2 Schematic representation of CCMYV capsid formation by the coat protein monomers.

Fig. 1.3 Schematic representation of CCMYV structure transition. With pH increasing from 5

to 6.5 under low ionic strength (I < 0.1 M), CCMV capsid expands into a swollen state;
when pH increased to 7.5 under high ionic strength (I ~ 1 M), the capsid disassembles into
protein dimers and viral RNA. With/without the removal of RNA and pH lowering to 5, the

protein dimers can be reassembled into empty/intact capsid.



1.1.2 CPMV

CPMV is an icosahedral plant virus of the family Comoviridae, which infects black eyed pea
plants (Vigna unguiculata) [van Kammen, 1967]. It can be easily purified in the range of
0.8-1.0 mg/g of leaves [Porta et al., 2003]. The capsid measuring 30 nm in diameter is
composed of 60 copies of an asymmetric unit that is made of a small (S) and a large (L)
subunit. The S and L subunits each are made up of a single polypeptide chain, which is
folded into one and two jelly roll B sandwich domains, respectively [Lin et al., 1999].
CPMV is stable in a wide range of temperature, pH, and buffers, making this viral platform
ideal for various bioconjugation methods and nanotechnological applications [Wang et al.,
2002]. The CPMV surface-exposed lysines have been investigated extensively for
attachment of molecules [Wang et al., 2002]. Furthermore, an azide-alkyne ‘click”’
conjugation has been employed on CPMV to more specifically and efficiently link ligands to
the capsid surface [Wang et al., 2003; Gupta et al., 2005]. Together these techniques have

provided many ways for conjugating various types of ligands to viral nanoparticles.
1.1.3TMV

Tobacco mosaic virus (TMV), also known as tobamovirus, is a helical plant virus with a
length of 300 nm and diameter of 18 nm [Kay, 1986]. TMV was the first virus to be
discovered in the late 19th century. Its capsid is made from 2130 copies of coat protein
arranged around the viral RNA. The rod-like spiraling structure (16.3 proteins per helix turn)
shows a distinct inner channel of 4 nm [Klug, 1999]. Purified TMV coat protein undergoes a
reversible states shift from micron-length rods in acetate buffer (pH 5.5) to double disks in
phosphate buffer (pH 7.0). The internal and external surfaces of TMV capsid consist of
repeated patterns of charged amino acid residues such as glutamate, aspartate, arginine, and
lysine that are viable for chemical ligation and bioconjugation [Bruckman et al., 2008].

TMV can be purified from infected tobacco plants in kilogram quantities. The particle is
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remarkably robust in vitro, remaining intact at temperatures up to 80 °C and pH values
between 2 and 10. The assembled capsids have been used as templates to grow metal or
metal oxide nanowires and coated conductive nanowires [Lee et al., 2012]. TMV based
materials offer a wide variety in the field of nanoelectronics, energy storage, and light

harvesting.
1.2 Surface modification of virus capsids

Virus can undergo a reversible disassembly/reassembly process in vivo and in vitro [Liu et
al., 2012]. Chemical and genetic manipulations on the surface of viral protein cages confer

unique properties to VLPs as programmable scaffolds in bionanotechnology.

The surface modification of virus capsids involve the coupling of synthetic molecules to
native or artificial amino acid residues, typically yielding bioconjugates with chemical
linkages that differ significantly from those that are produced biosynthetically [Francis and
Carrico, 2010]. The exposed amino acid residues on the exterior surface of vial cages have
been demonstrated to be applicable and addressable by different chemical reactions [Smith
et al., 2013]. These residues include endogenous amino acids, such as lysines, glutamic or
aspartic acids, and tyrosines, and the genetically introduced amino acids such as cysteines
[Lee et al., 2009]. A variety of bioconjugation methods have been developed for the
attachment of molecules to the exterior surface of virus capsids. It can be divided into three
most commonly strategies based on chemical mechanisms (Fig. 1.4) [Koudelka and
Manchester, 2010]. All these methods need solvent accessible VLPs surface residues which
mean the position of individual residues is significant, and the availability of an atomic

structure of the virus capsid is preferred.
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Fig. 1.4 Schematic diagram of different surface modification strategies by virus capsids.
Methods of covalent modification of amino groups include: (A) NHS-ester acylation; (B)

copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction; (C) hydrazone ligation.
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1.2.1 NHS-ester acylation

NHS-ester (N-Hydroxysuccinimide) acylation is the simplest and most common technique
used for modification of exposed amines (-NH») on the capsid surface [Abello et al., 2007].
NHS esters are reactive groups formed by carbodiimide-activation of carboxylate molecules,
which can crosslink with the nucleophilic amines. Wang et al. first introduced this concept
through using NHS-esters of fluorescein or biotin to conjugate them to CPMV, establishing
that VLPs could be used as “self-assembled dendrimers” or used similarly to metallic
nanoparticles [Wang et al., 2002]. Fluorescent dyes or biotin were established to the reactive
lysines on the surface of CPMV by NHS-ester acylation. They first illustrated the potential
of viruses as scaffolds for bioconjugation. A variety of other residues and reactive groups
including tyrosines, carboxylate groups, natural and genetically introduced cysteine residues,
and binding ligands to introduced histidine tags were also modified following this same

principle [Strable and Finn, 2009].

The other early example was small fluorescence molecules and peptides attached to the
exterior-surface exposed carboxylate or amine functional groups of CCMV [Gillitzer et al.,
2002]. The carboxylate groups were first activated by reaction with NHS and 1-ethyl-3-(3-
dimethyl-aminopropyl)carbodiimide (EDC) to generate the succinimidyl esters, which were
subsequently reacted with amine containing compounds. Based on the same reaction,
surface exposed amine groups were derivatized using the succinimidyl esters of reactive
carboxylic acid compounds. It was shown that using the above mentioned methods up to 540

amines and 560 carboxylic acids of CCMV could be labeled with fluorescent cargo.

1.2.2 CuAAC or click chemistry

A major advance in chemoselective ligation on virus surfaces is the copper(I)-catalyzed

azide-alkyne cycloaddition (CuAAC) reaction first reported in 2002 [Rostovtsev et al.,
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2002]. The CuAAC reaction, a member of the family of click chemistry, has emerged as an
excellent tool to covalently fuse two different biological molecules together with relative
ease. Both VLPs and the desired substrates can be specifically coupled in an orthogonal
manner without the presence of protecting groups [Wang et al., 2003; Gupta et al., 2005].
The exclusive reactivity and selectivity of both azido and alkyne groups have placed this
reaction among the favourites for protein coupling reactions due to its mild reaction
conditions and high reaction rates. The azide or alkyne moiety can be attached to lysine,
cysteine or tyrosine residues on the surface of virus using conventional conjugation
chemistry. CuAAC is highly efficient and requires a significantly lower molar excess of
substrate than NHS-ester based chemistry. Over past few years, this reaction has been
expanded to conjugate various small molecules and cell-targeting moieties onto viruses

[Hong et al., 2009].

CPMV was first exploited for the grafting of small fluorescent molecules via CuAAC
reaction [Wang et al., 2003]. Further conjugation of the folic acid-PEG ligand to a mutant
CPMYV led to completely elimination of background binding of the virus with tumour cells
while the attached folate moiety allowed CPMV-specific recognition of tumour cells bearing
the folate receptor [Destito et al., 2007]. Another successful modification using CuAAC
reaction was the attachment of oligo-ethylene glycol (OEG) short chain, coumarintriazole,
and RGD-containing peptide on the exterior surface of TYMV [Zeng et al., 2011]. Different
moieties resulted in different binding behaviors with mouse NIH-3T3 fibroblast cells. All

these showed potential approaches in pharmaceutics and drug delivery.

1.2.3 Hydrazone ligation

Hydrazone ligation is a more recently chemoselective strategy. This method first derivatizes
the VLPs with a benzaldehyde, which is then reacted with a substrate modified with a

terminal hydrazido group [Dirksen and Dawson, 2008]. This approach has the advantages of
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being both a chemoselective reaction that is highly efficient, and quantifiable by forming a
product with absorbance near 350 nm. This method is also more feasible for bioconjugating
VLPs and ligands that are relatively less stable to click chemistry conditions. Hydrazone
ligation was applied to the assembly of CPMYV nanoparticles with individually tunable levels
of a VEGFR-1 ligand and a fluorescent PEGylated peptide [Brunel et al., 2010]. The
nanoparticles recognized VEGFR-1 on endothelial cell lines and VEGFR1-expressing

tumour xenografts in mice, validating targeted CPMV as a nanoparticle platform in vivo.
1.3 Encapsulation by virus capsids

The enclosed space in the interior of VLPs can be used to encapsulate and release various
functional cargoes and the exterior surface can also be decorated by myriad moieties [Shen
et al., 2011]. The genomic RNA or DNA of virus is generally packaged within the capsid
through a simple assembly and disassembly process in vivo. Scientists have discovered that
a variety of phages, plant, and animal viruses can be assembled in vitro from their molecular
components: proteins, nucleic acid, and sometimes lipids [Douglas et al., 2002]. Bancroft et
al. first revealed the electrostatic interaction as the driving force for efficient packaging and
assembly by encapsulation of polyanions instead of ssSRNA inside CCMV capsids [Bancroft
et al., 1969]. The thermodynamic force during the assembly may include both specific and
non-specific interactions between the capsid and the genome and there is no net delimitation
to define these two mechanisms. The coat protein subunits themselves can spontaneously
assemble into noninfectious VLPs under proper pH and ionic strength [Hu et al., 2008; Lin
et al., 2012]. From the viewpoint of material science, the highly uniform VLPs can be
regarded as organic nanoparticles. The principle regulating the encapsidation of the genetic
materials can also be utilized to load functional cargoes. The encapsulation occurs simply by
mixing the protein subunits with cargo particles at specific ionic strength, temperature, and

pH ranges [Ng, 2010; Cadena-Nava et al., 2011]. The packaged functional cargoes include

-14 -



polymers, enzymes, liquid droplets, nucleic-acid functionalized particles, and even ligand-
coated particles [Siber et al., 2012]. According to the encapsulation mechanisms, there are

three main strategies which will be discussed as following (Fig. 1.5).
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Fig. 1.5 Schematic diagram of different encapsulation mechanisms by virus capsids. (A)

Electrostatic interaction, the negatively charged materials can act as the compressing genetic

core to promote the assembly of a virus-like capsid as the natural type; (B) Chemical

conjugation, the cargo molecules (blue) interact with the functional groups of amino acid

residues on the interior of capsids (orange) by covalent bond such as peptide (amide) bonds;

(C) Covalent attachment by genetic manipulation, the additional motifs (red) can be

introduced inside virus cages by gene modification which are amenable to cargo molecules

(blue) by specific chemical coupling.

-16 -



1.3.1 Electrostatic interaction

The first strategy is to encapsulate the negatively charged species driven by electrostatic
interaction [Zlotnick and Stray, 2003]. The foreign material, for example nanoparticles
functionalized with anionic moieties or specific nucleic acid packaging signals and separated
protein subunits, acts as the compressing genetic core to promote the assembly of a virus-

like capsid like the natural type [Belyi and Muthukumar, 2006].

CCMV has been widely studied as a prominent example by several research groups for the
ability to encapsulate various compounds [Douglas and Young, 2006]. A straightforward
way to entrap negatively charged molecules inside CCMYV is to reversibly alter the pH to
induce swelling and contraction of the capsid to facilitate the entry and sequestering of the
foreign material. CCMV could be disassembled into coat protein dimers at higher pH (pH
7.5) and reassembled by lowering the pH (pH 5). Taking advantage of this property,
Douglas and Young demonstrated that CCMYV capsids could be used to encapsulate and
constrain anionic polyoxometalate (e.g., vanadate, molybdate and tungstate) by a
mineralization process [Douglas and Young, 1998]. Cornelissen et al. also reported on the
entrapment of negatively charged polyelectrolytes such as poly (styrene sulfonate) (PSS)
[Comellas-Aragones et al., 2009], polyferrocenylsilane (PFS) [Minten et al., 2009], poly[(2-
methoxy-5-propyloxy sulfonate)-phenylene vinylene] (MPS-PPV) [Brasch and Cornelissen,
2012], and zinc phthalocyanine (ZnPc, a therapeutic agent) [Brasch et al., 2011]. The
encapsidation can lead to monodisperse or polydisperse formation of T=1, 2, and 3 VLPs.
These approaches could be utilized for the encapsulation of negatively charged drug

molecules for pharmaceutical applications in future.

Another interesting exploration of virus encapsulation is to incorporate individual
horseradish peroxidase (HRP) in the inner cavity of CCMV capsid for single enzyme studies

[Comellas-Aragones et al., 2007]. HRP was loaded and immobilized in the capsid with only
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one or no enzyme present per capsid. The fluorogenic substrate dihydrorhodamine 6G
diffused in the HRP-containing CCMV capsid where HRP catalyzed the oxidation of this
non-fluorescent substrate to produce rhodamine 6G. The release of fluorescent product
through the pores on the capsid was easily monitored by confocal fluorescence microscope.
The spatially confined virus capsid contributes to the understanding of the behavior and the

interactions of enzymes at the single-molecule level.

1.3.2 Chemical conjugation

The second approach is to package the reagents or cargo molecules by chemical conjugation
with the coat protein subunit [Cheung et al., 2006]. The foreign material is first transported
and then sequestered inside the capsid by covalent bond such as peptide (amide) bonds
between the carboxylate groups of amino acid residues and the amine groups of cargo
molecules. The chemically well-defined local environment of the viral cavity provides the

circumstance to directly synthesize inside the capsid [Aniagyei et al., 2008].

Francis et al. utilized rod-shaped TMV capsid as a robust and practical scaffold for the
preparation of nanoscale materials [Schlick et al., 2005]. Both the exterior and the interior
surface of the virus were attached with new functionality strategies separately. As for the
inner cavity of TMV, the modification strategy focused on glutamate residues as targets for
amide bond by a carbodiimide coupling reaction. Glu 97 exposed on the core surface was
identified as the primary site of modification and Glu 106 was also found with appreciable
reactivity, while there was no modification of exterior aspartic acids and carboxyl terminus
observed. After disassembly/reassembly process, the internally modified TMV conjugates
revealed rod-shape structures that were virtually identical to the native capsids. Importantly,
the interior surface can also be doubly modified by rhodamine, yielding ~ 650 internal
chromophores per 300 nm rod. This method positions the new functional groups as closely

as 1 nm apart on the inside of TMV capsid.
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More recently, the self-assembled rotavirus (RV) VLPs by the major structural protein VP6,
were chemically conjugated with an anticancer drug doxorubicin (DOX) [Zhao et al., 2011].
The formation of amide bond between the carboxyl group of VP6 and the amine group of
DOX was achieved in the presence of NHS and EDC. The DOX-loaded VLPs (DVLPs)
were further linked with lactobionic acid (LA) as target for hepatocytes or hepatoma cells
bearing asialoglycoprotein receptors (ASGPRs). LA-modified DVLPs (DVLPLAs) showed
specific immunofluorescence in HepG2 cells in vitro. The chemically functionalized VLPs

may find practical applications in biomedicine.

1.3.3 Covalent attachment by genetic manipulation

The third tactics is to integrate the cargo molecules based on covalent attachment with the
site-specific residues on the capsid protein which is engineered through genetic
manipulation [Huang et al., 2005]. The gene modification of coat protein results in the
alteration of the amino acid residues displayed on interior of virus cage even the charge
change of the interior surface, which then offers functional versatility amenable to the

chemical coupling with target peptides or other cargoes [Yi et al., 2005].

Making use of heterodimeric coiled-coil linkers, Minten et al. reconstructed the interior cage
of CCMV and encapsulated positively charged proteins inside it [Minten et al., 2009]. The
K-coil (KIAALKE); with positively charged lysine was introduced at the N-terminus of
CCMV CP and E-coil (EIAALEK); with negatively charged glutamic acid at the C-terminus
of the enhanced green fluorescent protein (EGFP) and the modified proteins were expressed
in E. coli respectively. Specific heterodimerization between K-coil and E-coil led to the
formation of EGFP-CP complex. After the assembly of EGFP-CP complex with wild-type
CP, EGFP-filled capsids were obtained. This provides a brand new approach of modification

on virus capsids by gene manipulation.
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Bacteriophage MS2 also presents a readily available scaffold for the construction of targeted
delivery agents by genetic modification [Tong et al., 2009]. A cysteine residue was
introduced at asparagine 87 (N87C). The mutation provided 180 sulthydryl groups on the
interior surface for cargo installation. Through the cysteine alkylation reaction, Alexa Fluor
488 maleimide was encapsulated as fluorescent label. A 41-nucleotide DNA aptamer was
then installed on the outer surface of MS2 shell. The capsids bearing the cell-targeting
sequence showed significant binding to Jurkat T cells. These suggested that aptamer-labeled

capsids could be used as convenient and evolvable targeting groups for drug delivery.
1.4 Application of VLPs in nanotechnology

1.4.1 Drug delivery

With the property of excellent biocompatibility and biodegradability, there are various
potential applications of functional self-assembled virus-based materials. Bentley's team has
successfully utilized the hollow capsid of TMV as an RNAI carrier for gene delivery into
mammalian and insect cells (Fig. 1.6.A) [Hung, 2008]. RNA interference (RNAi) is a
process in which RNA molecules reduce gene expression by causing the destruction of
specific mRNA molecules and usually involves two small RNA molecules: microRNA
(miRNA) and small interfering RNA (siRNA). There is an origin of assembly sequence
(OAS) within TMV genomic RNA which forms a unique hairpin structure and associates
with coat protein to initiate the assembly. By incorporating TMV OAS into a siRNA which
can program cells to destroy disease-causing proteins, the siRNA could assemble into
“pseudo-virions” with coat protein. To deliver the siRNA to the targeted cells, pseudo
virions are further modified with synthetic cell-penetrating peptides to facilitate cell
endocytosis. The results showed pseudo virions targeting cyclin E (antisense cycE) were
capable of arresting cells at G1 phase. This TMV-based siRNA packaging system protects
the frail siRNA from degradation and provides a means of delivering RNAi constructs into
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various host cells. Through changing the types of siRNA, multiple diseases from cancers to

genetic disorders could be targeted and treated by this therapeutic agent in future.

A pH-dependent drug release system has been developed based on the human polyomavirus
JC virus by Jjiro et al. (Fig. 1.6.B) [Ohtake et al., 2010]. Green fluorescence protein with N-
terminal hexahistidine motif (His¢GFP) was fused to the N terminus of the inner core protein
VP2 (HissGFP-VP2) and co-expressed with the major coat protein VPI1 in E. coli. VP1 and
HissGFP-VP2 associated with each other and formed HissGFP-incorporated VLPs
(HissGFP-VLPs). Nitrilotriacetic acid-sulforhodamine (NTA-SR), containing both a Hise-
tag-targeting NTA segment and a fluorescent sulforhodamine segment, could be
encapsulated within HissGFP-VLPs through the 1 nm holes at pH 7.4 and bind specifically
to the Hise tags. NTA was then released from the HissGFP-VLPs at pH 5.0 due to a decrease
in Hise-tag affinity, which has similar pH to the endosome and the lysosome. In this system,
VP2 acted as an anchoring unit for the protonation of histidines, which could offer specific
and reversible attachment of drug molecules. The feasibility of the encapsulation-release

system can be used as a cell-specific drug delivery vehicle.
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Fig. 1.6 Virus capsids used for drug delivery studies. (A) Schematic representation of TMV-
based siRNA formation. (B) Schematic representation of pH-dependent drug release system

based on human polyomavirus JC virus.
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1.4.2 Single-enzyme nanoreactor

The virus capsid provides a well-defined structure to encapsidate the enzyme in a spatially
confined way to observe the catalytic activity even in single-molecule level [Cardinale et al.,
2012]. The entrapment of different enzymes by virus capsids has been done in CCMV and
MS2. A precise number of enzyme Pseudozyma antarctica lipase B (PalB) loaded into the
CCMV capsid were accomplished based on a coiled-coil linker and EGFP was co-
encapsulated as a non-catalytic protein to investigate the reaction rate [Minten et al., 2011].
The apparent overall reaction rate increased upon encapsulation and was almost independent
of the number of enzymes in the capsid. The encapsulated PalB seemed to have a higher
activity than non-encapsulated PalB. It was more likely caused by extremely high
confinement molarity (Mconf = ~ 1 mM) of the enzyme combined with an increased collision
chance due to the spatial confinement leading to very rapid formation of the enzyme-
substrate complex. These results highlight the importance of small volumes for efficient

multi-enzyme cascade catalysis.

The RNA-removed MS2 capsids were also used to encapsulate E. coli alkaline phosphatase
(PhoA) [Glasgow et al., 2012]. To increase the yield of encapsulation, PhoA was tagged
with a 16 acidic peptide at C-terminus (PhoA-neg); Trimethyl amine N-oxide (TMAO) was
added as an osmolyte to decrease protein unfolding and increase the thermal stability. Intact
capsids were observed after incubation of PhoA-neg with disassembled coat protein dimers
under presence of TMAQ. Enzyme assay showed the value of K, was equal to that of the
free enzyme dimer and the K¢, was slightly reduced when the enzyme was encapsulated,
possibly due to the constrained enzyme environment. This method provides a practical and
potentially scalable way of studying the complex effects of encapsulating enzymes in

protein-based compartments.

1.4.3 In vivo imaging
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Near infrared (NIR) fluorescence imaging based upon virus capsids is particularly
advantageous in optical imaging and therapy of disease. Indocyanine green (ICG), an FDA-
approved NIR chromophore, was encapsulated into BMV for the utilization of mammalian
intracellular optical imaging [Jung et al., 2011]. Instead of genomic RNA, the negatively
charged ICG interacted with the positively charged arginine-rich motif in the N-terminus of
BMYV CP subunits to assemble into optical viral ghosts (OVGs). Human bronchial epithelial
(HBE) cells were used to detect the intracellular optical imaging of OVGs, resulting that
OVGs were internalized and localized at more than 90 % of the HBE cells after 3 h. These
constructs may serve as a potentially nontoxic and multifunctional nanoplatform for site-

specific deep-tissue optical imaging and therapy of disease.

1.4.4 Light-harvesting cells

A virus-based approach has been developed as light-harvesting systems through self-
assembly. Recombinant TMV CP monomers with a reactive cysteine residue were
constructed for the thiol-reactive chromophore attachment [Miller et al., 2007]. Three
chromophores were installed on the interior surface of TMV including Oregon Green 488
maleimide as the primary donor, tetramethylrhodamine maleimide as an intermediate donor,
and Alexa Fluor 594 maleimide as the acceptor. The conjugated TMV VLPs could be
assembled into stacks of disks or rods under different buffers. Under both morphologies,
there was efficient energy transfer (> 90 % overall efficiency) observed using fluorescence
spectroscopy, from numbers of donor chromophores to a single acceptor. Later, multiple
porphyrin arrays were accomplished similarly in TMV, in which Zn-porphyrin (ZnP) was
coordinated as donor and free-base porphyrin (FbP) as acceptor [Endo et al., 2007]. CCMV
capsids were also employed to package and synthesize TiO» nanoparticles, which showed
similar structure to nanocrystalline anatase and photocatalytic activity [Klem et al., 2008].

This highly tunable method has emerged for the construction of photovoltaic devices.

-24-



1.5 Future directions

The ability to precisely encapsulate components into virus capsids, by self-assembly,
chemical conjugation or genetic manipulation, has inspired the creation of complex systems
with novel function [Singh et al., 2006; Yoshimura, 2006]. However, we should not just
focus on one side of the coin. Today there are two main trends in the fabrication of modified
virus capsids for nanotechnology: the surface modification and the encapsulation (Fig. 1.7)
[Su and Wang, 2010]. As aforementioned, the combination of two methods turns out to be
more delicate and efficient for the practical utilization. The chemical addressability of
exterior and interior surface of virus capsids by covalent bioconjugation such as diazonium
coupling and CuAAC reaction provides a diversity of functional moieties of versatile
repertory [Fischlechner and Donath, 2007; Ma et al., 2012]. These dual modified VLPs can
specifically recognize certain type of cells, attach with corresponding receptors, and deliver

the packaged cargoes into the endosome.

Furthermore, quite a few of plant viruses such as CCMV, CPMV, TMV, and rod-like phages
have been shown noninfectious to human and mammalian and will not induce obvious
toxicity and immune response in human beings [Steinmetz, 2010]. CCMV showed broad
tissue distribution and rapid clearance of in vivo both in naive and immunized mice [Kaiser
et al., 2007]. TMV can be traced in the blood of most people from second-hand smoke and
does not seem to cause irritation or obvious immune-system problems [Scholthof et al.,
2011]. These will be quite promising nanocarriers with some issues concerning the toxicity
and immunology be fully evaluated. Virus particles have presented distinguished stability
and flexibility for pharmaceutical application, biomaterial fabrication, and photovoltaic

construction. More light will be cast upon these elegant and elaborate creations in future.
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Fig. 1.7 Scheme of strategies available for the construction of virus-based nanomaterials. (A)
Loading a viral particle with drugs and targeting motifs through bioconjugation reactions; (B)
Loading hydrophobic drugs within a polymer—virus core—shell assembly;(C) Constructing a
virus—polyelectrolyte—liposome complex; (D) Using DNA amphiphiles to induce the

assembly of viral coat proteins to encapsulate drugs.
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Chapter 2. Originality of Thesis

2.1 Backgrounds

Viruses used to be considered as the foes of human beings due to their pathogenicity
[Breitbart and Rohwer, 2005]. As small infectious assemblies that can replicate only inside
the living cells of an organism, viruses are described as “organisms at the edge of life”
[Holmes, 2007]. They resemble organisms in some ways: possess genetic material,
reproduce, and evolve through natural selection; however, they still lack key characteristics
such as their own metabolism and cellular structures which are often seen as the basic unit
of life. Opinions differ on whether viruses are a form of life, or organic structures that
interact with living organisms [Wimmer et al., 2009]. From the viewpoint of material
scientists, viruses provide another type of widely studied biological macromolecules in
nanometer scale, i.e., organic nanoparticles, which are composed of nucleic acids, capsid

proteins, and sometimes envelopes.

The essential nature of viruses is to infect a host cell, replicate, package its nucleic acid, and
exit the cell. In the process, viruses have evolved to move through a broad range of
biochemical environments [Douglas and Young, 2006]. During their journey, viruses exhibit
a remarkable plasticity in their metastable structure and dynamics, including coordinated
assembly and disassembly and target-specific delivery of cargo molecules. VLPs are the
complexes consisted of multiple protein subunits that are capable of self-assembling and
forming structures that mimic the 3D conformation of native viruses [Roy and Noad, 2009].
Without viral genetic material, VLPs are non-infectious and unable to replicate, making
them safer than wild types based on attenuated or inactivated viruses. Due to their structural
uniformity and complexity, viruses and VLPs are excellent scaffolds for nanomaterial

research.
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Viruses and VLPs have several characteristics that are suitable for nanomaterial fabrication

and modification.

(1) They represent very stable and beautiful self-assembled architectures at the nanometer
level with sizes ranging from a few tens to several hundreds of nanometers. Their small
sizes are comparable to the size of nanoparticles and very difficult to make by standard

synthetic methods in the laboratory [Manchester and Singh, 2006; Lee et al., 2009].

(i1) Viruses and VLPs have precise nanoscaled dimensions and sophisticated structures, in
contrary to artificial nanomaterials prepared by top-down approaches. The structural and
dimensional uniformity of viruses which can be characterized at near atomic resolution

make them ideal for use as scaffolds [Liu et al., 2005; Singh et al., 2006].

(iii) Genetic information on the sequences of capsid proteins and nucleic acids has been
revealed for years. The composition and surface properties of viruses and VLPs can be
manipulated through genetic engineering, which can be easily performed using

commercially available tool kits [Gazit, 2007; Lee et al., 2012].

(iv) Mass production of viruses and VLPs can be achieved easily and inexpensively by
growing them in infected hosts or expressing capsid proteins in heterogonous expression
systems that are sufficient for utilization in engineering applications [Bruton et al., 2005;

Steinmetz and Evans, 2007].

Over the past few decades, viruses and VLPs have provided myriad platforms that can be
used to manipulate and investigate the functions from material science to pharmaceutics
research [Manchester and Singh, 2006; Ma et al., 2012]. The essence of viruses and VLPs
are protein assemblies from repeating subunits which means chemical or genetic techniques

that apply to biochemistry and molecular biology are also appropriate for these studies.
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For about half of the known virus families, the capsid is “spherical” or icosahedral. The
architectures of icosahedral viruses are composed of hundreds of copies of individual
components that can assemble rapidly and reproducibly on a biological timescale [Suttle,
2005]. There are three important interfaces of these virus capsids that can be exploited: the
exterior, the interior, and the interface between protein subunits making up the capsid (Fig.

2.1) [Douglas and Young, 2006].
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Fig. 2.1 Schematic representation of three approaches available for chemical and genetic
manipulation of icosahedral virus capsids. The exterior, the interior, and the interface
between subunits have all been used for the construction of multivalent, multifunctional

viral cage-based materials.
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The interior interface of the viral capsid architecture has been used for directing
encapsulation and synthesis of both organic and inorganic materials. The principles that
govern the packaging of viral nucleic acid can be applied to package nonviral cargoes within
their capsid architecture [Belyi and Muthukumar, 2006]. In the case of CCMYV, the interior
interface presents a native positive-charge density or can be altered to negative-charge
through genetic manipulation, which allows encapsulation or nucleation of the opposite

charged cargoes inside the capsids.

The exterior surface of virus capsids has been demonstrated by bioconjugate reactions with
chemical linkages between the exposed amino acid residues and functional moieties [Strable
and Finn, 2009]. The natural or genetically introduced substrate-specific affinity enlarges the
perspective of outer surface decoration. In the recent years there have been numerous
progresses in covalent bioconjugation involved with virus capsids. CuAAC reaction is an
extraordinary procedure for the ligation work [Amblard et al., 2009]. It has been proven
there are plenty of amino acid residues protruded from CCMYV capsids applicable. The
modification of CCMV capsids with CuAAC reaction is showing brilliant prospect for

application.

In addition the interface of viral capsids has been employed for electroless deposition (ELD)
such as metal ions and poly(ethylene glycol) (PEG) grafted branched polymers [Bruton et al.,
2005]. The interface acted as nucleation sites for the subsequent metal deposition from
solution and formed the metallic coated nanoparticles by metallization process [Aljabali et
al., 2010]. The electrostatically bounded virus capsid showed monodisperse and larger

sphere which could allow further demonstration.

In summary, chemical modification and genetic manipulation on the outer surfaces and inner
cavities of viruses and VLPs facilitate the development of new materials that could meet the

requirements for bionanotechnology [Tu and Tirrell, 2004; Mateu, 2011]. The
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biocompatibility, solubility and uptake efficiency of the capsids are attractive to assemble
substances in a programmed pattern, to align small structured materials in a designer

position, and to conjugate biomolecular substances with each other.
2.2 Objectives

Following the above-mentioned principles, the heterologous expressed CCMV was
employed in the thesis for the demonstration of the capability to encapsulate foreign cargoes
in the inner cavity and the modification of the exterior surface with functional molecules via
CuAAC reaction. CCMV capsids were selected for their remarkable characteristic including
the reversible structural transition, disassembly/reassembly property, and high stability

under various temperatures, pH and organic solvents.

In the third chapter of the thesis, CCMV CP was firstly synthesized and expressed in P.
pastoris and the appropriate assembly into VLPs was acquired through proper purification

and treatment.

In the fourth chapter, the inner cavity of the capsid was exploited for the encapsulation and
synthesis of Prussian blue nanoparticles based on electrostatic interaction, which lead to

relatively homogeneous-sized spherical particles.

In the fifth chapter, the exterior surface was decorated with alkyne and further modified with
azide through triazole connection via CuAAC reaction and the cell binding behavior of the

modified capsids was determined using HeLa cells.

In the appendix I, Heterocapsa circularisquama RNA virus (HcRNAV) was also expressed
in P. pastoris and self-assembled into VLPs. The co-expression of HCRNAV CP with
algicidal peptide PMAP-23-D7 showed potential in the control of harmful algae blooms

(HABs).
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In the appendix II, a more efficient Pichia cell disruption was illustrated with the
combination of aminopropyl magnesium phyllosilicate (AMP) clay, showing no side

influence on VLPs assembly.

The structure of the thesis is summarized in Fig. 2.2.
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Fig. 2.2 Outline structure of the thesis.
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Chapter 3. Expression and Self-assembly of CCMV in Pichia

pastoris

3.1 Introduction

Virus particles consist of the genetic material of either DNA or RNA and the capsid that
protects these genes, and in some cases an envelope of lipids surrounding the capsid. The
capsids are typically composed of identical CP subunits that permit manipulation by genetic
and chemical modifications [Zlotnick and Stray, 2003]. As nanoscale assemblies, viruses
have sophisticated yet highly organized structural features. Therefore, viruses and VLPs
offer a unique platform where functional motifs can be attached on their capsids precisely or
encapsulated inside the cages, which is a big advantage over synthetic nanoparticles [Loo et

al., 2008; Minten et al., 2010].

The utility of virus capsids has highlighted the need for large production systems. However,
yield of virus particles from plant or animal hosts requires a long replication period and
obtains a low output quantity [Jermutus et al., 1998]. Also some modifications to the coat
protein may severely affect the process of viral packaging, accumulation and purification
from hosts [Schneemann and Young, 2003]. To overcome these disadvantages, heterologous
expression systems have been introduced to express virus CP in the absence of other viral
components. A few of these expression systems have resulted in the assembly of VLPs. The
first widely used is prokaryotic expression system such as E. coli and P. fluorescens.
Baculovirus-based heterologous expression is also evaluated [Kost et al., 2005]. However,
these systems have their limitations. E. coli-based expression often results in insoluble
inclusion aggregates that do not self-assemble properly, and baculovirus-based expression is

cumbersome and expensive.
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The methylotropic yeast, Pichia pastoris, has been shown to be a suitable system for the
heterologous expression of virus CP, which could then self-assemble into VLPs in vitro. P.
pastoris can be genetically engineered to express proteins for both basic research and
industrial use [Cereghino and Cregg, 2000]. Over 400 proteins, from human endostatin to
spider dragline silk protein, have been produced in this yeast [Macauley-Patrick et al., 2005].
Coupled with the powerful genetic techniques, P. pastoris has been extensively utilized for
the production of various recombinant proteins. The successful examples of virus CP
expressed in P. pastoris include CCMV [Brumfield et al., 2004], hepatitis B virus (HBV)
[Freivalds et al., 2011], human papillomavirus (HPV) [Bazan et al., 2009], and

bacteriophage Qp [Freivalds et al., 2006].

P. pastoris is uniquely suited for foreign protein expression for three key reasons [Cereghino
et al., 2002]: it can be easily manipulated at the molecular genetic level, e.g. gene targeting,
high-frequency DNA transformation, cloning by functional complementation; it can express
proteins at high levels on a simple and inexpensive medium and reach high-density yields
for both small experimental and large-scale industrial production; and it can perform many
protein folding and post-translational modification such as glycosylation, disulfide-bond
formation, and proteolytic processing, which is more suitable for eukaryotic protein
expression (Fig. 3.1). Because of these characteristics some proteins that cannot be
expressed efficiently in E.coli, Saccharomyces cerevisiae or baculovirus have been
successfully produced in functionally active form in P. pastoris [Hohenblum et al., 2004].
Besides its ability to express foreign proteins at a high level, P. pastoris has a fermentation
period of 4-5 days, much shorter compared to the plant hosts in which production took

weeks.

The unusually efficient and tightly regulated promoter from the alcohol oxidase I (AOX1)

gene is commonly used to drive the expression of the foreign gene [Higgins and Cregg,
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1998]. The AOX1 promoter is strongly repressed in cells grown on glucose and most other
carbon sources, but is induced over 1000-fold when cells are shifted to a medium containing
methanol as a sole carbon source. Physiologically, P. pastoris prefers a respiratory rather
than a fermentative mode of growth. Fermentation products include ethanol and acetic acid,

which quickly reach toxic levels in the high cell density environment of a fermenter with

strongly fermentative organisms [Li et al., 2007].
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Fig. 3.1 The microscopic image of Pichia pastoris and its methanol metabolism pathway. P.
pastoris has two alcohol oxidase genes, AOX1 and AOX2, under a strongly inducible
promoter, which makes it use methanol as only carbon and energy source. Foreign gene is
introduced under the control of AOX1 promoter and the production can reach over 90 % of

total proteins induced by methanol (by Dennis Kunkel).
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Following the scheme in Fig. 3.2, the gene of CCMV CP was optimized and synthesized for
the expression in P. pastoris for the first time. The large scale fermentation and purification
of the self-assembled CCMV VLPs were performed. Compared with the expression resulted
insoluble inclusion aggregates in E. coli [Zhao et al., 1995; Fox et al., 1996] and relatively
low expression level of wild type CCMV CP in P. pastoris [Brumfield et al., 2004], this
expression and assembly system was simple, rapid, and potentially scalable which would

provide a promising way to high yield of CCMV and other VLPs [Wu et al., 2011].
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Fig. 3.2 Schematic diagram of synthesized gene encoding CCMV CP expressed in P.

pastoris.
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3.2 Materials and methods

3.2.1 Synthesis of P. pastoris codon-optimized CCMV CP

The gene sequence of CCMV coat protein, GenBank accession no. M28818 [Allison et al.,
1998], was redesigned to substitute some amino acid codons seldom used in P. pastoris by
frequently used codons [Sreekrishna et al., 1997]. Chemical synthesis of new CP gene
(CPsyns) was accomplished by GenScript Co (USA). Two restriction sites of ECORI
(GAATTC) and Notl (GCGGCCGC) were added to upstream and downstream of CPsyns
genes respectively. The plasmid pUC57-CPsyns was transformed into E.coli Top10 for

amplification and preservation.

3.2.2 Construction of recombinant plasmid

The P. pastoris host strain GS115 (his4", histidine-requiring auxotroph) and intracellular
expression vector pPICZ A were purchased from Invitrogen (San Diego, CA). According to
the manual of EasySelect Pichia Expression Kit. for in vivo expression in P. pastoris, the 0.6
kb CPsyns gene was retrieved from the pUC57 vector as an ECORI and Notl fragment and
cloned into the corresponding ECORI and NotlI site of the Pichia integrative vector, pPICZ A.
The resultant vector pPICZ A-CPsyns was then transformed into E.coli Top10 for its

amplification.

3.2.3 Expression of CCMV CP in P. pastoris

Transformation and expression of the CPsyns gene into P. pastoris was carried out as
described in Molecular Cloning [Sambrook and Russell, 2001]. The recombinant plasmid
pPICZ A-CPsyns was linearized with Sacl and then used to transform P. pastoris GS115 by
electroporation (Multiporator, Eppendorf). The transformed yeast cells were incubated in
YPD agar containing Zeocin at 30 °C for 2-3 days. As the CPsyns gene was integrated into

the 5> AOX1 locus on Pichia chromosome, all transformants should be His” Mut' phenotype.
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The CPsyns gene of the transformed yeast cells was amplified by PCR using the CP primers

and AOX1 primers.

More than ten verified transformants were grown in buffered glycerol-complex medium
(BMGY) at 30 °C for 16-20 h. The yeast cells were harvested by centrifugation and
resuspended in buffered methanol-complex medium (BMMY) with a concentration of 1.0 at
OD0o (5%107 cells/mL). Incubation was continued for a further 96 h at 30 °C with 1 %
methanol induction every 24 h. One mL of the expression medium was withdrawn every 12
h to determine the protein expression levels by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) in a Bio-Rad MiniPROTEAN 4 gel electrophoresis cell. The
original host P. pastoris GS115 and pPICZ A/GS115 transformants with the empty vector

were also included as controls by same induction.
3.2.4 Scale-up fermentation

The scale-up fermentation of Pichia cells containing CCMV CP was carried out in the 5 liter
fermenter XP 50 (Fermentec, Korea). A single colony of CCMV transformant was first
inoculated in 250 mL BMGY at 30 °C for 16 h until ODgg reached 2—6, then transferred
into the sterilized 2.5 L Fermentation Basal Salts medium (For 1 liter of FBSM, add
aseptically 4.35 mL PTM,; trace salts and adjust the pH to 5.0 with 28 % ammonium
hydroxide). Set temperature to 30 °C, agitation to 600 rpm, and aeration to 0.1-1.0 vvm air.
Dissolved Oxygen (DO) was used to monitor the growth of P. pastoris. DO would decrease
from initial 100 % (Be sure to keep it above 20 % during all phases of fermentation) as the
culture started to grow for the consumption of oxygen (Pichia Fermentation Process
Guidelines). After the glycerol was completely consumed from the batch growth phase (18
to 24 hours) which was indicated by an increase in the DO to 100 %, the glycerol feed was
initiated to increase the cell biomass with the feed rate to 18.15 mL/h/liter initial

fermentation volume and continued for about four hours to get the maximum level of 4 %
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glycerol. The methanol induction was carried out with the feed rate slowly rising from 3.6
mL/h/L for 2—4 hours, 7.3 mL/h/L for 2 hours, to final 10.9 mL/h/L maintained throughout
the remainder of the fermentation. The entire methanol fed-batch phase lasted approximately
72 hours [Dietzsch et al., 2011]. After the fermentation, the yeast cells were collected as

described in section 3.2.3 for further purification and analysis.

3.2.5 Purification of CCMV VLPs

A modified purification procedure of virus capsids, based on PEG precipitation and density
gradient centrifugation was introduced to purify the soluble protein and then assembled
CCMV VLPs [Ali and Roossinck, 2007]. The Pichia cells gathered by centrifugation at
4000x g for 30 min, were resuspended in five volumes of cells weight of breaking buffer (50
mM sodium phosphate, pH 5.5, 1 mM PMSF, 1 mM EDTA, 5 % glycerol) and disrupted by
sonication (30 s on, 30 s off, 15 cycles, Sonics Vibra-cell VCX-750). Cell debris and
insoluble aggregates were removed by centrifugation at 10,000% g for 30 min and PEG 6000
was added to the supernatant to a final concentration of 10 %. After incubation at 4 °C
overnight, the solution was centrifuged at 10,000% g for 30 min and the resulting pellet was
resuspended in assembly buffer (100 mM NaOAc, 1 mM EDTA, 5 mM DTT, 0.5 mM
PMSF, pH 5.2). The resuspended PEG pellet was loaded onto 10-40 % cesium chloride
gradient and centrifuged at 35,000% g for 2 h at 4 °C (SW55Ti rotor, Optimal, Beckman

Coulter, USA). The pellet was dissolved in NaOAc buffer for further investigations.

3.2.6 Analysis of purified CCMV VLPs

The purified CCMV VLPs were analyzed by UV spectrometry, and transmission electron
microscopy (TEM). Absorption at 260 nm and 280 nm were measured on Scinco S-3100

UV spectrophotometer and Ajs0:Azso ratio was calculated. TEM images of negatively
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stained VLPs with 2 % (w/v) uranyl acetate was obtained with a CM30 electron microscope

(FEI/Philips) operated at 200 kV (Korea Basic Science Institute, Chunchon Center, Korea).

3.3 Results and discussion

3.3.1 Synthesis of P. pastoris codon preferred CCMV CP

Numerous heterologous proteins have been produced at greater than gram per liter levels in
P. pastoris, using AOX1 promoter [Li et al., 2007]. The factors that drastically influence
protein yields in this system include: copy number of the expression cassette, site and mode
of chromosomal integration of the expression cassette, property of secretion signal and
promoter, media and growth conditions, and fermentation parameters [Sreekrishna et al.,
1997]. All these factors should be considered in designing an optimal production system
even using the commercial expression system. When the prokaryotic gene is expressed in
the eukaryotic system such as P. pastoris, some codons should be altered in order to acquire
higher production. As far as CCMV CP is concerned, the seldom-used codons of arginine
(CGQG) and alanine (GCG) residues, which could lead to low efficiency of gene translation
via early termination in P. pastoris, should be substituted with synonymous alterations i.e.
CGG—AGA, GCG—GGT. A 573 bp CCMV CPsyns gene was synthesized according to the
preference of P. pastoris (Fig. 3.3). In total 47 substitutes were introduced into CCMV
CPsyns gene. The sequencing result showed 92 % nucleotide identity (527/574) and 100 %

deduced amino acid identity with wild CCMV CP gene (M28818).
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Fig. 3.3 Nucleotide and deduced amino acid sequence of CCMV CP gene and CCMV

CPsyns gene. The alternations of nucleotide sequences were boxed as red.
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3.3.2 Construction of recombinant plasmid

The digestion result of the recombinant plasmid pPICZ A-CPsyns by ECoRI and Notl
showed two bands of 600 bp and 3.3 kb corresponding to CPsyns and pPICZ A separately,

which indicated that pPICZ A-CPsyns was constructed successfully (Fig. 3.4).

PCR amplification was then done to confirm the transformation of CPsyns gene into the
genome of Pichia cells using the CP primers and AOX1 primers. As shown in Fig. 3.5, there
were significant bands of 600 bp in the all recombinants while there were no such ones in

the controls.

The amplified gene was submitted to DNA sequencing by Genotech Co (Korea). The result
showed the introduction of 47 substitutes in CCMV CPsyns was achieved successfully while
the translated amino acid sequence remained identical to the wild-type CCMV CP (table

3.1).
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3.9kb
3.3kb

600 bp

Fig. 3.4 Digestion results of pPICZ A-CPsyns by ECORI and Notl. Lane 1-8, plasmid results
of E.coli transformants; 9, pPICZ A-CPsyns plasmid; 10, double digestion result of pPICZ
A-CPsyns with ECORI and Notl; 11, single digestion result of pPICZ A-CPsyns with ECoRI;

12, control of ddH,O; M2, Takara 1 kbp DNA ladder.

600 bp

Fig. 3.5 PCR amplification results of Pichia recombinants. Lane 1-10, PCR results of
recombinants; 11, control of pPICZ A-CP; 12, control of GS115-pPICZ A; 13, control of
KM71-pPICZ A; 14, control of GS115; 15, control of KM71; 16, control of ddH,O; M1,

Takara 100 bp DNA ladder.
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Table. 3.1 The sequence comparison of the synthesized CCMV CPsyns by NCBI blastp.

Score Expect Method Identities Positives Gaps

387 bits Compositional 0/190
5e-135 190/190 (100 %) 190/190 (100 %)

(993) matrix adjust (0 %)

Query 1 MSTVGTGKLTRAQRRAAARKNKRNTRVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCA 60

MSTVGTGKLTRAQRRAAARKNKRNTRVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCA

Sbjct 1 MSTVGTGKLTRAQRRAAARKNKRNTRVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCA 60

Query 61 AAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASF 120

AAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASF

Sbjct 61 AAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASF 120

Query 121 QVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHVRP 180

QVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHVRP

Sbjct 121 QVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHVRP 180

Query 181 TFDDSFTPVY 190

TFDDSFTPVY

Sbjct 181 TFDDSFTPVY 190
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3.3.3 Expression of CCMV CP in P. pastoris

Different P. pastoris transformants were induced by methanol and detected for their CCMV
CPsyns expression. The supernatant samples were diluted ten times after cell were broken
and five pL of each sample were loaded on SDS-PAGE (Fig. 3.6). All of them showed a
band at 20 kDa which was the calculated molecular weight of CCMV monomers and
transformant GS115-27-6 was screened out for further fermentation. After the optimization

of the culture in shaking flasks, the yield of CCMV CP reached 0.78 mg/mL.
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CCMV CP

Fig. 3.6 SDS-PAGE results of P. pastoris transformants. Lane 1-5, soluble fractions of
pPICZ A-CPsyns transformants after sonication; 6, control of pPICZ A/GS115; 7, control of

GS115; M, DokDo-MARK™ broad-range.
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3.3.4 Scale-up fermentation

The fermentation of transformant GS115-27-6 in 5 liter fermenter was divided into 3 phases
with a stepwise feeding strategy adopted from the reference [Dietzsch et al., 2011]. As the
results presented in table 3.2 and Fig. 3.7, the wet cell weight attained 180.8 g/L after
glycerol fed-batch, while the total protein concentration was 12.3 mg/mL. The maximum
yield of soluble CCMV CP was obtained after 72-h methanol induction at the level of 4.8
mg/mL, which accounted 39.0 % of total protein. The increase of induced protein from
methanol induction was 8.6 mg/mL for total protein, 3.9 mg/mL of which was contributed
by CCMV CP and 4.7 mg/mL from other intracellular components. The reasonable
explanation to this might be due to CCMV CP occurred synchronously together with other
proteins as time went on. The mechanism of the foreign genes expressed intracellular
usually were inserted in the chromosome DNA of Pichia which were also combined with
other proteins under the promoter of AOX1 and AOX2 [Cereghino et al., 2002]. It's
different with the foreign gene expressed in E.coli that existed as independent plasmid in

cytoplasm.

Given the high yield of natural CCMV from infected leaf tissue (ca. 1-2 mg/g), the process
was cumbersome and inefficient. And compared with other heterologous expression of
CCMYV CP in E.coli (0.1 mg/mL) [Zhao et al., 1995], P. fluorescens (2.6 mg/mL) [Phelps et
al., 2007], and P. pastoris (wild type with non-optimal codon, 0.05-0.5 mg g ' wet cell mass)
[Brumfield et al., 2004], the yield presented here was one of the highest productions of viral

coat protein reported to date.
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Table. 3.2 Fermentation results of CCMV CP in fermenter during different cultivation

phases
Methanol Fed-Batch (mL/h/L)
Glycerol Batch Glycerol Fed-

Batch 3.6 7.3 10.9

Time of duration (h) 20 4 4 2 72
Wet cell weight (g/L) 135.6 179.5 180.8 180.8 180.2

Total protein
2.8 3.5 3.7 43 12.3
(mg/mL)

CCMYV CP (mg/mL) -- -- 0.9 1.5 4.8

Yield (%) -- -- 243 349 39.0
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CCMV CP

Fig. 3.7 SDS-PAGE results on 5L fermenter. Lane 1, PEG-precipitated CCMV CP pellets; 2,
supernatant after sonication; 3, pellets after loading on FPLC; M, DokDo-MARKTM broad-

range.
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3.3.5 Purification of CCMV VLPs

PEG treatment to transformant GS115-27-6 supernatant preferentially precipitated CCMV
CP with only little other proteins precipitated (Fig. 3.8). After CsCl ultracentrifugation, it
was further purified to one band which indicated that the coat protein assembled into high
molecular weight structures (CCMV CP). This provided a simple approach for the

purification of virus capsids.
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CCMV CP

Fig. 3.8 Purification results of CCMV CP. Lane 1, soluble fractions of GS115-27-6 after
sonication; 2, purified CCMV CP by CsCl ultracentrifugation; 3, pellets after PEG-

precipitation; 4, supernatant after PEG-precipitation; M, DokDo-MARK™ broad-range.

-55-



3.3.6 Analysis of purified CCMV VLPs

The obtained CCMV VLPs sample was analyzed by UV spectroscopy as shown Fig. 3.9.
The assembled VLPs sometime could package the yeast RNAs in vivo although they usually
prefer to encapsulate viral RNAs selectively during replication in plants [Annamalai et al.,
2005]. The UV spectrum was dominated by the nucleic acid absorption maximum located at
260 nm, and the Azs0:Azso ratio of 1.52 was similar to 1.56 which was observed for plant
derived CCMYV particles as reported [Lavelle et al., 2007]. This indicated that P. pastoris
derived CCMV VLPs packaged the CP mRNA among with other host mRNAs during the

assembly process.

The sample was also analyzed by TEM, which showed spherical particles of 28 nm in
diameter with RNA entrapped inside the capsids and empty ones of 26 nm in diameter (Fig.

3.10).
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Fig. 3.9 UV profile of the CCMV VLPs in sodium acetate buffer.
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Fig. 3.10 TEM image of CCMV VLPs expressed in P. pastoris. Two types of capsids were

observed: 28 nm in diameter with RNA entrapped, and empty ones of 26 nm in diameter;
Size bar represents 200 nm. Insert was magnified TEM image of CCMV VLPs with size bar

of 20 nm.
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3.4 Summary

CCMV coat protein gene was optimized by Pichia pastoris codon preference to remove the
low efficient codons and improve its expression level for the first time. The newly
synthesized CPsyns was transformed into P. pastoris GS115 and soluble CCMV VLPs were
obtained at high yield of 4.8 mg/mL. Our data suggested that proper codon optimization
could be valuable for heterologous virus genes to be expressed in P. pastoris at an ample
level. Except high expression, the P. pastoris system has been certified that it has
advantages over other expression systems [Macauley-Patrick et al., 2005; Yokoyama, 2003].
The fermentation period, usually 4-5 days, was shorter compared to plant hosts which
usually last several weeks. The VLPs attained were soluble and self-assembled, while

prokaryotic hosts such as E. coli often resulted in insoluble inclusions.

TEM image of the assembled CCMV VLPs revealed that the VLPs derived from P. pastoris
were similar to the wild type particles derived from plants. This work provided a promising
tool for the preparation of large amount VLPs in gene therapy, vaccine development, and

other applications.
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Chapter 4. Encapsulation of Prussian Blue by CCMV

4.1 Introduction

As sophisticated biomolecular architectures, virus capsids can serve as nanoreactors or
nanotemplates for encapsulations, crystallizations, and other reactions. Among the repertoire
of biological scaffolds for nanotechnology, CCMV has been used as a nanoreaction vessel
for the fabrication of nanoparticles [Vriezema et al., 2005; Fischlechner and Donath, 2007].
There are at least nine basic residues (arginine and lysine) to the interior of CCMV cavity
[van der Graaf et al., 1991], which creates a positively charged interior cavity surface and
provides an interface for inorganic crystal nucleation and growth. Taking the advantage of
the reversible pH-dependent assembly/disassembly process, CCMV was employed for the
entrapment of organic and inorganic materials governed by a unique molecular gating
mechanism. Douglas and Young employed CCMYV capsid for the encapsulation and
crystallization of polyoxometallate species (e.g., vanadate, molybdate and tungstate) based
on its positively charged interior surface [Douglas and Young, 1998]. The size and property
of CCMYV capsid confer it potential technological applications in a wide range of fields,

including magnetic memory devices and magnetic resonance imaging.

Prussian blue (PB) is the historic name of an ancient pigment which is now recognized as a
member of the transition metal hexacyanoferrate family [Ferlay et al., 1995; Sato et al.,
1996]. These functional inorganic materials are possessed of an elegant and simple face-
centred cubic (FCC) lattice of transition metal ion centres bridged by electron-rich cyanide
groups; PB is the simplest representative for which the metal ion centres are both iron [de
Tacconi et al., 2003; Dei, 2005]. There exist two well-known forms of the PB crystal: the
insoluble PB with the formula Fe"™y[Fe(CN)s]; and the soluble MFe™[Fe'(CN)s] (M = NHy,

Li, Na, K). In fact both forms are completely insoluble in water and most common solvents.
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The soluble form contains monovalent metal ion inclusions that can dissociate in aqueous
media and lead to a net negative ionization on the crystal surface which allows a small and
stable dispersion to be “soluble” [DeLongchamp and Hammond, 2004]. The reaction
between hexacyanoferrate (III) and iron (II) leads to the synthesis of soluble PB
nanoparticles is presented in Fig. 4.1. The variety of unique structures and magnetic
properties of PB and its related metal hexacyanates have attracted intense interest because of

their application as molecular magnets [Taguchi et al., 2005].

-61-



i
1
-4 ‘) o Al
O & 2
(@ <
. 2 .
v & - ==NC— Fe =—CN|— Fe ——NC-}-- oo
| # Pl I | #
Ky[NC— Fe —CN| & fFett = -& A STTTETTT Ky [NC— Fe —CN
-4 T T an
< 15 s &

K* ~CN— Fe —NC— Fe —CN--~-
+ 2+
7| 7
Ay
&) -

Excess K* Remaining excess

K*

Fig. 4.1 Scheme of the synthesis of Prussian blue.
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CCMV capsids have the positively charged amino acids of the N-terminus of CP that are
protruding into the interior of the capsid which is essential for the package of the negatively
charged genome. Thus the incorporation of the negatively charged iron complexes, Prussian
blue particles, into viral cages is feasible and practical [Dominguez-Vera and Colacio, 2003;
de la Escosura et al., 2008]. Following a similar strategy like this, we described the self-
organization of PB-CCMYV biohybrids and the properties of the nanoparticles for their
potential applications (Fig. 4.2). The method presented here was more concise and explicit

without the need for long-time irradiation by laser beam [de la Escosura et al., 2008].
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Fig. 4.2 Schematic diagram of the method employed to prepare PB nanoparticles inside the

CCMV capsid.
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4.2 Materials and methods

4.2.1 Preparation of disassembled CCMV solution

Unless otherwise stated, all reagents and chemicals were obtained from Sigma-Aldrich and
Fluka and used without further purification. Buffers were prepared from ultrapure (Milli-Q)
water and filtered through 0.22 um filters (Millipore, Germany) for sterilization. The
purified CCMV sample with the concentration of 2.5 mg/mL was prepared in assembly
buffer as mentioned in Section 3.2.5. The solution was dialyzed against disassembly buffer
(20 mM Tris-HCI, 1 M NaCl, 5 mM DTT, 0.5 mM PMSF, pH 7.5) over a period of 9 h with
buffer changes every 3 h at 4 °C using a 12-14 kDa MWCO SnakeShin® Pleated Dialysis
Tubing membrane (Thermo Scientific, USA). The sample was concentrated using

centrifugal filter devices (Vivaspin 6 mL, Vivascience).
4.2.2 Encapsulation and synthesis of Prussian blue nanoparticles by CCMV

The disassembled CCMYV solution (225 pL) was mixed with 100 mM precursor salt of
potassium ferricyanide (Ks;[Fe(CN)g], 25 pL) and incubated for 30 min. The resulted
solution was then dialyzed against assembly buffer for the dimers to reassemble into intact
capsids. The iron (II) chloride solution (FeCl,) and iron (II) perchlorate hydrate solution
(Fe(Cl04)2, 3 mM) were separately added to the dialyzed solution containing the
hexacyanoferrate (IIT)-loaded CCMV slowly. The open pores of 2-nm diameter on CCMV
capsids permit the ions to diffuse freely into and out of the cavity which will lead to the
production of PB nanoparticles. The yielding of the immediate appearance of an intense blue
colour was observed in the later one. The resulting PB-CCMV solution was dialyzed against
assembly buffer over a period of 6 h with buffer changes every 3 h at 4 °C to remove the
excess iron ion. The UV-vis spectrum at 710 nm was measured to confirm the presence of

Prussian blue inside the capsid.

- 65 -



4.2.3 Purification of PB-CCMV by FPLC

Size-exclusion fast protein liquid chromatography (FPLC) was introduced to remove the
non-encapsulated PB particles from access [Sheehan and O'Sullivan, 2003]. FPLC was
performed on an Akta FPLC system (GE Healthcare Life Sciences) equipped with a
Superose 6 PC 3.2/30 column (Amersham biosciences) at a flow rate 40 pL/min. The
injection volume was 100 pL and the elution buffer composed of 50 mM sodium acetate,
500 mM NaCl, and 1 mM DTT at pH 5.0. The purified wild type CCMV (wt-CCMV) from
Section 3.2.5 was used as a control for the elution time during FPLC purification. The

purified PB-CCMYV was concentrated with centrifugal filter devices for further analysis.

4.2.4 Analysis of the purified PB-CCMV

The purified PB-CCMV was subsequently examined by TEM to determine the size
distribution of PB-CCMV biohybrids. Formvar-carbon coated grids were hydrophilized in a
glow discharge apparatus and 5 pL of the sample was applied onto the grid. After leaving
the sample air-dried for 1 minute, the excess of liquid was drained using a piece of filter
paper. Uranyl acetate (5 pL, 2 % w/v) was then applied and the drying procedure was
repeated. TEM image was obtained with a CM30 electron microscope (FEI/Philips)

operated at 200 kV (Korea Basic Science Institute, Chunchon Center, Korea).

Dynamic light scattering (DLS) was employed to measure the hydrodynamic diameters of
the formed nanoparticles at physiological pH (Malvern Zetasizer nano ZS spectrometer).
The particle size distribution of scattering data was best fit using the Contin algorithm with

the average of at least five measurements.

4.3 Results and discussion

4.3.1 Encapsulation and synthesis of Prussian blue nanoparticles by CCMV
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The disassembly of CCMV capsid into protein dimers at pH 7.5 followed by its reassembly
at pH 5.2 provided a strategy to entrap hexacyanoferrate (III) within the protein cage. Once
CCMYV reassembled in the presence of the negatively charged hexacyanoferrate (III), two
types of hexacyanoferrate (III) could be detected: the one trapped by CCMV capsid and the
free one outside the capsid. The resulting yellow solution was exhaustively dialyzed against
four changes of buffer. After this treatment, the yellow colour within the dialysis bag rapidly
decreased until it remained constant, indicating the existence of hexacyanoferrate (I1I)
trapped by CCMYV capsid in the reassembly process. The addition of the iron (II) salt
Fe(ClOs), to this solution produced the immediate appearance of an intense blue colour of
Prussian blue (Fig. 4.3). There are separate 2-nm pores presented on the interface of CCMV
capsids through which the ions can diffuse into and out of the capsid to produce PB
nanoparticles. As for the solution of FeCl,, the reaction failed as expected which might be
due to the presence of perchlorate hydrate ion attributed to the formation of PB particles in
some way unknown for now [Culp et al., 2005]. The UV-vis spectrum showed a broad
increase of absorption centred at around 710 nm, which was consistent with an intermetal
charge transfer between Fe'' and Fe'" in PB (Fig. 4.4). All these clearly indicated the

presence of Prussian blue inside CCMYV capsid.

-67 -



Fig. 4.3 The colour transition of Prussian blue encapsulated by CCMV capsid. The left one
with yellow colour indicated hexacyanoferrate (I11) trapped by CCMV capsids, the right one
with blue colour after iron (II) salt Fe(ClO4), was added showing the appearance of an

intense of Prussian blue.
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Fig. 4.4 UV-vis spectra of PB-CCMV. The red square represents CCMV only, green triangle

represents PB only, and purple cross represents PB-CCMV.
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4.3.2 Purification of PB-CCMV by FPLC

Purification of PB-CCMYV and free PB particles using FPLC was verified by a very efficient
separation, shortly after the column was loaded. As shown in Fig. 4.5, the FPLC
chromatogram first presented an intense but broader peak at V = 1.6 mL at 280 nm which
was similar to the control of wt-CCMV, while the remaining PB particles exhibited a second
peak at V =2.8 mL. As monitored at 710 nm, PB-CCMV showed two corresponding peaks

for the existence of PB pigment and the wt-CCMV had no significant absorption.
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Fig. 4.5 Size-exclusion FPLC of PB-CCMV. The blue diamond represents PB-CCMV at
280 nm, red square represents PB-CCMV at 710 nm, green triangle represents wt-CCMV at
280 nm, and purple cross represents wt-CCMV at 710 nm. The peak at elution volume of 1.6

mL and 2.8 mL corresponded to PB-CCMV and free PB particles.
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4.3.3 Analysis of the purified PB-CCMV

TEM images of the purified sample showed discrete spherical particles with relatively
homogeneous size (Fig. 4.6). These capsids appeared as black dots surrounded by a bright
shell compared to the wild type CCMV capsids, which can be attributed to the high electron
density cores of Prussian blue. The spherical form, size, and composition of the non-
aggregate particles validated the formation of PB inside the CCMV capsid. As expected, the
reaction between hexacyanoferrate (I11) and iron (II) did not lead to an infinite 3D well-
ordered PB crystal structure but to a confined “PB-CCMYV complex” according to the size

limitation of CCMYV capsid. Discrete rounded cubic particles were also observed.

The hydrodynamic diameters of the formed particles were measured by DLS (Fig. 4.7). The
results showed the dots to be homogeneous, with two peaks of 29.2+1.7 nm corresponding
to T =3 particles (180 CP), and 17.5+1.2 nm corresponding to pseudo T = 2 particles (120
CP). Similar phenomenon was also reported by Daniel et al. that BMV capsids were utilized
to encapsulate PEGylated gold nanoparticles and the size of formed hybrid VLPs varied
from pseudo T =2 to T = 3 capsids when 11.3-nm gold particles as the nucleating core for
the capsids reassembly [Daniel et al., 2010]. This was in agreement accurately with the

dimensions of the inner cavity of the CCMV capsid.
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Fig. 4.6 TEM image of the PB-CCMYV nanoparticles. Two types of capsids were observed:

29.2 nm corresponding to T = 3 particles, and 17.5 nm corresponding to pseudo T =2

particles. Size bar represents 100 nm.
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Fig. 4.7 DLS size distribution of PB-CCMYV particles.
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4.4 Summary

CCMV capsid is loaded with a negatively charged metal complex, hexacyanoferrate (III).
The loaded capsid can act as a nanoreactor because the trapped metal complex is able to
react with a second metal ion, iron (II), to fabricate a new material. The synthesized PB-
CCMV biohybrids yield relatively homogeneous nanoparticles. With the omission of laser
beam irradiation, the preparation method is much faster and more efficient, and the

purification is easy to carry out.

This represents a novel route for the self-organization of homo- and heterobimetallic
nanoparticles. Considering that the potential of magnetic nanoparticles in information
storage devices and other magneto-optic applications, the properties of the system described

here will be the subject of future research.
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Chapter 5. Surface Modification of CCMV by CuAAC

Reaction

5.1 Introduction

CCMYV capsids provide a versatile platform for modification and multivalent presentation of
ligands. Most research works used to focus on the constrained synthesis and encapsulation
of both inorganic and organic materials taking the advantage of the structure transition of
CCMV capsids [Bronstein, 2011]. There are few studies about the surface modification
based on CCMV. As the assembly from 180 identical CP subunits, the outside surface of
CCMV protrudes multiple, highly symmetrically arranged, native or engineered functional
groups that can potentially be chemically modified for site specific attachment of a variety
of ligands [Johnson and Speir, 1997]. Determined by the cryo-EM, each CP subunit presents
up to 11 carboxylate groups (E63, E77, E81, E111, E148, E166, D128, D132, D153, D168,
D183) exposed on the exterior surface (Fig. 5.1) [Reddy et al., 2001]. Similarly, there are up
to six surface exposed amine groups (K54, K84, K87, K65, K106, K131) per subunit. This
provides an estimate of up to 1980 and 1080 accessible sites for each of these functional
groups, respectively, on the assembled capsid. Based on these information, Gillitzer et al.
have successfully modified the exterior surface of CCMV with both fluorescent molecules
and small peptides [Gillitzer et al., 2002]. The degree of surface modification was quantified
via coupling of fluorophores to surface exposed amine (K), carboxylic acid (D and E), and
engineered thiol residues (cysteine, C). A 24 amino acid peptide was also linked to the

exterior surface of CCMYV through exposed lysine and cysteine residues.

There have been a variety of bioconjugation methods developed for the attachment of
ligands to the exterior surface of virus capsids. Among them, the copper(I)-catalyzed azide-

alkyne cycloaddition (CuAAC) reaction, the most widely recognized example of click
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chemistry, has been rapidly embraced for applications in myriad fields since its discovery by
Finn and Sharpless, Scripps [Kolb et al., 2001; Rostovtsev et al., 2002; Tornge et al., 2002].
As shown in Fig. 5.2, the selective reactivity between azides and alkynes (only with each
other) has drawn tremendous attractiveness to this procedure (and its copper-free strained-
alkyne variant). For the fragile nature and low concentrations of the manipulated
biomolecules in practice, bioconjugation presents significant challenges for any ligation
methodology. Several different CuUAAC variants have been reported to address specific
cases involving peptides, proteins, polynucleotides, and fixed cells [Hong et al., 2009].
CuAAC reaction provides a reliable method for coupling a wide range of molecules in a
regiospecific fashion under relatively mild reaction conditions with little byproduct, which
makes it a versatile and modular procedure for the modification of viral capsids. The Finn
group has employed CuAAC reaction to conjugate both small molecules and
macromolecules on the exterior surface of CPMV [Wang et al., 2003] and bacteriophage Q8
[Gupta et al., 2005]. The tyrosine residues on helical surface of TMV were coupled with
chemoselective diazonium and azides via a sequential CuAAC reaction [Bruckman et al.,
2008]. Different fluorescent coumarin and RGD-containing peptide were also grafted on the

surface of TYMV by CuAAC reaction [Parrish et al., 2005; Zeng et al., 2011].
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Fig. 5.1 Structure model of the exterior surface of CCMV. (A) T = 3 lattice model; (B) side

view of the entire cage, lysines are indicated in red and carboxylates in blue.

N N Cu (1) N=TN
SN“**R1 d R2———H , )_‘\_‘/N—m
R2

Azide Alkyne Triazole

Fig. 5.2 Schematic diagram of the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)

reaction.
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Although the exterior surface of CCMV capsid has been attached with fluorescent molecules
and small peptides by NHS-ester acylation, there is no report about the modification of
CCMYV via CuAAC reaction. In this chapter, we first extended the CuAAC reaction to tailor
CCMV capsid (Fig. 5.3). The surface exposed amine and carboxylate residues were
efficiently addressable under wild conditions. The corresponding cell binding studies using
decorated CCMV with relevant motifs showed a more cell-friendly environment with
nanometer-scale surface features. This ligation methodology should be applicable to a wide
variety of biomolecules, scaffolds, and cellular components, both in vitro and in vivo. The
modified CCMV has potential applications in biosensors, nanoelectric devices, and drug

targeting and delivery.
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Fig. 5.3 Schematic diagram of bioconjugation on CCMV using CuAAC reaction.
Fluorescent coumarintriazole (marked as green one), oligo-ethylene glycol short chain and
RGD-containing peptide (marked as red one) were grafted on the surface of CCMV capsid

via CuAAC reaction.
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5.2 Materials and methods

5.2.1 Materials and instruments

Unless otherwise stated, all reagents and chemicals were obtained from commercial sources
and used without further purification. 7-(Diethylamino)coumarin-3-carbonyl azide, oligo-
ethylene glycol (OEG) bisazide, and azide-terminated RGD oligopeptide were purchased
from Sigma-Aldrich or Invitrogen. APTES slides (3-aminopropyl-triethoxysilane-coated
microscopy slides) were from Labscientific. The purified CCMV sample (1 mg/mL) was
prepared in 80 % assembly buffer plus with 20 % dimethyl sulfoxide (DMSO) for the
process. General desalting and removal of other small molecules from protein samples were
achieved using centrifugal filter devices (Vivaspin 6 mL, Vivascience). Cesium chloride
gradient ultracentrifugation, SDS-PAGE, TEM and DLS analyses were all performed as
mentioned before. FPLC was performed on Biologic DuoFlow™ Chromatography System
(Bio-Rad, USA) with a Superose 6 PC 3.2/30 column (Amersham biosciences) at a flow rate
40 pL/min. Fluorescently labeled CCMV was visualized with ImageQuant 300 imager (GE
Healthcare) before Coomassie blue staining. NIH-3T3 fibroblasts and HeLa cells were
cultured in complete Dulbecco’s modified Eagles medium (DMEM) supplemented with 10 %
heat inactivated fetal calf serum (FCS), 2 mM L-glutamine, 50 pg/mL penicillin and 50

pg/mL streptomycin at 37 °C with 5 % CO; + 95 % atmosphere.
5.2.2 CCMV bioconjugation protocol

As shown in Fig. 5.3 step (1), CCMV was first modified with amine by incubating 1 mg/mL
CCMV (500 pL) with 5 mM propargyl-amine aided with EDC and N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS) in the assembly buffer for 24 h at 4 °C.
The product CCMV-alkyne was isolated by cesium chloride gradient ultracentrifugation and

resuspended in 80 % assembly buffer and 20 % DMSO.
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After the optimization and setup of CuAAC reaction, the conjugation (step (2) in Fig. 5.3) of
CCMV-alkyne with the grafted moieties was carried out by incubating 1 mg/mL CCMV-
alkyne with 7-(diethylamino)coumarin-3-carbonyl azide, oligo-ethylene glycol bisazide, and
azide-terminated RGD oligopeptide separately, in the presence of 1 mM copper sulfate, 2
mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and 3 mM ligand

bathocuproindisulfonic acid disodium salt (BCDS) for 24 h at 4 °C.

The corresponding products (cumarin-CCMV, OEG-CCMV, and RGD-CCMV) were
purified by two successive series of cesium chloride gradient ultracentrifugation and
resuspended in the assembly buffer. The reactions were analyzed by FPLC, SDS-PAGE,

TEM, DLS, and fluorescence spectroscopy.
5.2.3 Immobilization of modified CCMV on APTES slides

The modified CCMV capsids (0.5 mg/mL) were adsorbed onto APTES slides separately.
Wild type CCMV was used as a control. 500 uL virus solutions were dropped onto the
substrates (10x10 mm?) so that they fully covered the surface, and the samples were set at
room temperature in a biosafe hood for 10 min. The samples were washed in pure water and
dried at room temperature. The resultant systems were denoted as APTES-CCMV, APTES-
OEG-CCMYV, and APTES-RGD-CCMV, respectively. The adsorpted virus particles onto

the APTES slides were prepared for further utilization.
5.2.4 Cell adhesion

HeLa cells were cultured in complete DMEM at 37 °C in a humidified 5 % CO> incubator.
Monolayers of HeLa cells in their growth phase (ca. 80 % confluence) were routinely split
1:5 in 10 cm culture dishes and placed at 37°C for 5-10 minutes. The cells were washed
twice in preheated PBS containing 0.25 % (w/v) trypsin-EDTA. After the cells were

detached from the dishes, 1 mL preheated culture medium was added and the cells
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transferred to a 50 mL falcon tube. Cells were spun down and plated in new dishes with

fresh culture medium for subsequent cell adhesion studies.

APTES-CCMV, APTES-OEG-CCMYV, and APTES-RGD-CCMV slides (10x10 mm?) were
put into 12 well plates; 2 mL of HeLa cell suspension in complete DMEM at a density of
2x10* cells/mL was added to each well of the 12-well plate, and incubated at 37 °C in a

humidified 5 % CO, incubator. Empty APTES slides were used as control.

Cell adhesion, spreading, and proliferation on precoated substrates were examined at 24 h
postseeding. Nonadherent cells on the slides were removed by washing with PBS, and
adherent cells were fixed using formaldehyde and stained with Giemsa stain.
Photomicrographs of the cytoplasmic-stained cells were obtained (100x total magnification

using Nikon Eclipse TS100 microscope).
5.3 Results and discussion

5.3.1 Introduction of alkyne group on CCMV

From the space filling model of CCMV in Fig. 5.1, there are plenty of exposed carboxyl
groups on the exterior surface of CCMV: 11 aspartic acid and glutamic acid residues for
each CP subunit and total 1980 residues for each capsid. Many studies have shown that the
carboxyl residues of various viral capsids are amenable to reaction with primary amines
under activation [Schlick et al., 2005; Steinmetz et al., 2006]. Therefore, carboxylic groups
were chosen for further derivatization with alkyne in this study. The reactivity of CCMV
carboxyl groups was tested with fluorescein cadaverine under activation with EDC and
sulfo-NHS, which revealed that 560 carboxylates modified in high yields [Gillitzer et al.,
2002]. This was approximately 4.7—6.2 times more than that accessible in TYMYV (90 to 120
carboxylic groups) [Zeng et al., 2011]. To explore the potential of introducing

multifunctional group on the surface of CCMV, the viral capsids were labeled with
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acetylene at surface-exposed carboxylic groups. More than 90 % of the coat protein was
recovered by ultracentrifugation after the removal of small molecules. The high recovery

yield encouraged the continuation of CuAAC reaction between CCMV-alkyne and azides.

5.3.2 CUAAC reaction on CCMV-alkyne capsids

The conditions of CuAAC reaction are crucial for the productivity and need to be optimized.
CuSO4-sodium ascorbate is the preferred reducing agent for most reactions, due to its
convenience and effectiveness at generating the catalytically active Cu(I) oxidation state.
However, the byproduct of ascorbate to dehydroascorbate can hydrolyze to form reactive
aldehydes such as 2,3-diketogulonate and presumably glyoxal [Shangari et al., 2007]. These
species can cross-link with arginine, cysteine, and lysine residues on the viral capsid, which
subsequently lead to the aggregation-dependent decomposition. This was clearly observed in
the case CCMV modification. Thus TCEP and BCDS were introduced to for CUAAC
bioconjugations as Cu(I) source. However the reaction rate was slowed down in the
presence of TCEP. So the reaction time was extended to 24 h at 4 °C.

After the setup of CuAAC reaction, the acetylene functional group on the CCMV-alkyne
surface was further addressed by the CuAAC reaction to attach fluorogenic or peptide

moiety via triazole connection.

The fluorochrome 7-(diethylamino)coumarin-3-carbonyl azide was first employed as the
azido counterpart in the CuAAC reaction, which could be easily monitored by the increase
of fluorescence at 475 nm upon formation of triazole ring. The purified and diluted
cycloaddition product coumarin-CCMV produced a strong detectable fluorescent signal at
475 nm upon excitation at 340 nm. FPLC result showed that CCMV particles were stable
throughout the click reaction conditions and remained in the assembled state, indicated by
similar elution with wild type CCMV particles. The result showed a single intact peak at t =

38 min which was similar with wild type CCMV, indicating the integrity of the particles and
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the successful attachment of the coumarin dye (Fig. 5.4). The coumarin-CCMV sample was
also analyzed using SDS-PAGE with fluorescence visualization of the attached coumarin,
followed by Coomassie staining; the result revealed one dye-labeled band corresponding to
the same molecular weight of CCMV CP subunit because of the covalent attachment with
coumarin (Fig. 5.5).TEM confirmed the integrity of the particle after two-step modification

with the size of approximately 30 nm (Fig. 5.6).
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Fig. 5.4 Size-exclusion FPLC of coumarin-CCMV. The result showed a single intact peak at
t =38 min which was similar with wild type CCMV, indicating the integrity of the particles

and the coumarin dye attachment.
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CCMV Capsid

Fig. 5.5 SDS-PAGE of coumarin-CCMYV visualized under UV irradiation and upon
Coomassie blue staining. The left was taken under white light after Coomassie blue staining
and the right was taken under UV irradiation. Lane 1, alkyne-CCMV; 2, coumarin-CCMYV;

3, wild type CCMV; M, DokDo-MARKTM broad-range.
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Fig. 5.6 TEM image of coumarin-CCMYV particles. Size bar represents 200 nm.
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Following the same procedure, oligo-ethylene glycol bisazide and azide-terminated RGD
oligopeptide were also installed onto acetylene-functionalized CCMV. As expected with the
high coupling efficiency of CuAAC reaction, the modified OEG-CCMV and RGD-CCMV
were confirmed by FPLC analysis with similar elution time with wild type CCMV particles
indicated by a single intact peak at t = 38 min verifying the integrity of the particles with
OEQG attachment. (Fig. 5.7). TEM image of OEG-CCMYV showed a distinct phenomenon of
connected bridges with the intact capsids cross-linked with each other (Fig. 5.8). As the
obtained sticky solution distinguished with other samples, the reasonable explanation might
stem from the possible double CuAAC reaction from the bisazide. The hydrodynamic

diameters (measured by DLS) for OEG-CCMV were 30.7£1.5 nm (Fig. 5.9).
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Fig. 5.7 Size-exclusion FPLC of OEG-CCMYV. The result showed a single intact peak at t =
38 min which was similar with wild type CCMV, indicating the integrity of the particles

with OEG attachment.
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Fig. 5.8 TEM image of OEG-CCMYV particles. Size bar represents 200 nm.
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5.3.3 Immobilization of on APTES slides

APTES slides were used to immobilize virus particles onto 2D surfaces prior to cell binding
studies. APTES is positively charged which can hold negatively charged virus particles on
the slides via electrostatic interactions at around neutral [ Yamada et al., 2006; Rong et al.,
2008]. CCMV and modified CCMV display negative surface charges at pH 5.2 (pI of
CCMYV is about 3.6). Therefore after drop coating and setting, the virus particles were
anchored strongly on APTES slides as shown in Fig. 5.10. NIH-3T3 fibroblasts were first
cultured on APTES slides to investigate the cell behavior and performance. As presented in

in Fig. 5.11, the results showed elongated and stretched shape, and spread as time went on.
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Solution of modified CCMV capsids

Fig. 5.10 Schematic representation of the system used to deposit aligned CCMV capsids.

Fig. 5.11 Optical images of NIH-3T3 cells cultured on APTES slides (after 5 and 24 h).

Scale bar represents 100 pm.
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5.3.4 Cell adhesion

HeLa cells were selected for the preliminary adhesion studies on virus-coated silane surface,
as this kind of cell has already been widely used as a prototype cell to study cell-substrate
interactions. RGD (Arg-Gly-Asp) tripeptide is the primary sequence with adhesive proteins
of the extracellular matrix of ayf3, which can bind to integrin receptors of all mammalian
cells [Waldeck et al., 2008; Laitinen et al., 2009]. As the identification as a pervasive cell
adhesive peptide, RGD has been extensively investigated to enhance the binding activity
with mammalian cells. On the contrary, OEG presents inhibition to cell binding similar as
PEG, a water-soluble polymer. Thus OEG and RGD were selected out to observe the

opposite effects on the adhesion behavior of CCMV with HeLa cells.

After 5 and 24 h proliferation of HeLa cells with modified CCMYV particles, the attachment
was stained with Giemsa and verified by microscopy. As presented in Fig. 5.12, the cell
proliferation was observed on all slides. At 5 h, the cell proliferation of APTES-OEG-
CCMV slides showed slight inhibition compared to the control of APTES-coumarin-CCMV,
while APTES-RGD-CCMYV enhanced the binding in contrast. This was similar with former
report that normally APTES-OEG-CCMYV was nonadhesive to HeLa cells due to the lack of
a biological recognition motif on OEG and its resistance to binding membrane proteins.
However, as time went on to 24 h, the cell proliferation of APTES-OEG-CCMV slides
showed more combination which might be caused by the cross-linked structure of OEG-
CCMV (see Fig. 5.3 and 5.8). The explanation might lie on the structure of OEG polymer
with diazide moieties at both terminuses caused the crosslinked structure of CCMV capsids
bridged by triazole ligands with each other which could further affect the cell binding
process. This unique structure of modified capsids generated a net-like sticky solution which
then resulted in the higher adhesion with HeLa cells as times extended. Similar phenomena

was reported by Kaur et al. using a dialkyne dye molecule for CuAAC reaction to modify
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TYMYV capsids which changed the hydrophobicity of the modified capsids at the interface of

two liquids [Kaur et al. 2010].

As the results of APTES-RGD-CCMV were concerned, there was obvious enhancement of
the binding compared with the control of APTES-coumarin-CCMYV at 5 and 24 h. This
indicated that the cell attachment occurred specifically in response to the RGD sequence.
This suggested RGD ligand density and its spatial arrangement could play a vital role in the
adhesion process. Also HeLa cell did not show similar elongated or stretched morphology as
NIH3T3 fibroblast on APTES slides [Rong et al. 2008]. So the different property of two cell

types made it difficult to observe the adhesion behavior with HeLa cell under microscopy.

The protein cage of CCMV would provide a more biomimetic soft and elastic atmosphere to
the cells. Thus, the low-tension viral surface differs from the high-tension glass surface in
terms of penetration, entanglement, and remodeling, and therefore provides a more cell-

friendly environment with nanometer-scale surface features.
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Fig. 5.12 Optical microscopy of cell adhesion results by different CCMV particles with

HelLa cells. (A) APTES slides only of time 0, 5, and 24 h; (B) APTES-OEG-CCMYV of time

0, 5, and 24 h; (C) APTES-RGD-CCMYV of time 0, 5, and 24 h.
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5.4 Summary

For the first time CCMV was grafted with different moieties from fluorogenic coumarin and
OEQG short chain to RGD peptide via CuAAC reaction. The carboxyl residues on the exterior
surface were chosen to be addressed with alkyne and further modified with azide through
triazole connection. The resulting viral capsids were confirmed intact by FPLC, SDS-PAGE,
TEM, and fluorescence spectroscopy analysis. The cell adhesion and proliferation behavior

of OEG and RGD decorated CCMV was studied to show the opposite effects.

Utilizing the spatially addressable surface chemistry of CuAAC reaction, CCMV-based
material paves the way for the design of bionanoparticle-based nanosensor, drug delivery
carrier, and tissue engineering materials. This approach represents a convenient, rapid, and

versatile synthesis that can be employed in future.
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Appendix I. Expression of HCRNAV and Co-expression with

PMAP-23-D7 in P. pastoris

6.1 Introduction

Harmful algal blooms (HABs), also known as red tides, have had a negative impact on
aquatic ecosystems and have increasingly become a threat to human and marine health
[Anderson, 1997]. Rapid increases in an algal population can lead to water discoloration,
shading of submerged vegetation, disruption of food-web dynamics and oxygen depletion in
the water. HABs are known to have damaged the fishing industry, and to have affected
shoreline quality and local economies [Friedman and Levin, 2005]. The potent neurotoxins
can concentrate in filter-feeding shellfish and poison human consumers [Erdner et al., 2008].
Even non-toxic algae can be harmful when they amass in sufficient numbers. HABs occur in
many regions around the world, including Scandinavia, the North Pacific, the Caribbean and

the South Pacific [Kirkpatrick et al., 2004].

The toxic or harmful phytoplanktons that cause HABs are commonly dinoflagellates such as
Alexandrium and Karenia [Garrett et al., 2010]. Most dinoflagellates have a unique structure
that includes a nucleus known as the dinokaryon within which the chromosomes are
attached to the nuclear membrane. Many efforts have been made to control harmful algal
blooms with little success [Sengco and Anderson, 2004]. Today, the biological control of
HABsS is considered to be feasible [Solé et al., 2006]. Viruses that are abundant in marine
systems replicate rapidly and tend to be host-specific, suggesting that single algal species

could be targeted [Lawrence et al., 2001; Baudoux and Brussaard, 2005].

Heterocapsa circularisquama RNA virus (HCRNAV) is the first single-stranded RNA virus

to be characterized that infects dinoflagellates [Tomaru et al., 2004]. H. circularisquama
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Horiguchi, first observed in Uranouchi Bay, Japan, is a harmful bloom-causing
dinoflagellate that specifically kills bivalves [Horiguchi, 1995]. HCRNAYV particles are
polyhedral with a diameter of approximately 30 nm, and encapsulate a single positive-
stranded 4.4 kb RNA genome. The virus clones have been divided into types CY and UA
(HcRNAV109 and HcCRNAV34, respectively), based on their host strain specificity
[Mizumoto et al., 2007]. The structure of HCRNAV109 was revealed by cryo-EM that 180
quasi-equivalent monomers arrange in a T = 3 symmetry and each monomer contributes to a
‘bump’ on the surface of the capsid as shown in Fig. 6.1 [Miller et al., 2011]. There are two
open reading frames (ORF-1 and ORF-2) identified in the RNA genome, with ORF-2
coding for the viral coat protein [Nagasaki et al., 2005]. HCRNAV was found to target and

accumulate in the dinoflagellate nucleus.
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Fig. 6.1 TEM image and three-dimensional reconstruction of HCRNAV109 capsid. (A) TEM
image of purified HCRNAV109 capsids; (B) Three-dimensional reconstruction of

HcRNAV109 by cryo-EM.
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Antimicrobial peptides are small molecular weight proteins with broad spectrum
antimicrobial activity against bacteria, viruses, and fungi [Zasloff, 2002; Izadpanah and
Gallo, 2005]. They are an evolutionarily conserved component of the innate immune
response and are found among all classes of life. The mechanism of their antibacterial
activity is mainly based on association to the pathogen plasma membranes and perturbation
of their permeability [Bechinger and Lohner, 2006; Giuliani et al., 2008]. Peptide PMAP-
23-D7 is an efficient algicidal peptide which is derived from antibacterial peptide PMAP-23
[Orioni et al., 2009]. It is composed of 23 amino acids: Asp Ile Ile Asp Leu Leu Trp Asp Val
Asp Asp Pro Gln Asp Pro Asp Phe Val Thr Val Trp Val Asp
(DIIDLLWDVDDPQDPDFVTVWYVD), of which there are multiple substitutions of lysine

and arginine by aspartic acids (Fig. 6.2).
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Fig. 6.2 Representative structure of peptide PMAP-23-D7 at the end of two molecular
dynamics simulations. Water is represented in cyan, phospholipids in gray, and
phospholipids’ phosphorus atoms as yellow spheres. The peptide backbone is shown in grey,
charged side chains in red, polar amino acids in orange, apolar residues in blue, and prolines

in green.
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In this chapter, we report on the heterologous synthesis of HCRNAV109 CP by P. pastoris
and its co-expression with PMAP-23-D7. The successful large-scale fermentation and
purification of the self-assembled HCRNAV VLPs suggest their potential application as
nanocontainers. To our knowledge, this is the first paper to report the heterologous

expression of HCRNAV [Wu et al., 2012].

6.2 Materials and methods

6.2.1 Synthesis of P. pastoris codon-optimized HCRNAV CPHsyns

Following the similar methodology in section 3.2, HCRNAV109 CP gene, GenBank
accession no. AB218609 [Nagasaki et al., 2005], was redesigned to substitute amino acid
codons that are seldom used in P. pastoris similar to section 3.2. Chemical synthesis of the
new CP gene (CPHsyns) was accomplished with GenScript Co. Restriction sites for ECORI
and Notl were added upstream and downstream, respectively, of the CPHsyns gene. The
plasmid pUC57-CPHsyns was transformed into E.coli Top10 for amplification and

preservation.

6.2.2 Insertion of peptide PMAP-23-D7 at N-terminus of HCRNAV109 CPHsyns

Peptide PMAP-23-D7 and HCRNAV 109 CPHsyns was spliced by Overlapping Extension
PCR (SOE-PCR) [Warrens et al., 1997]. Four primers were designed to amplify PMAP-23-
D7 (Primer F1 and R1) and HCRNAV109 CPHsyns (Primer F2 and R2) separately. The two
fragments were then mixed and amplified using two outer primers (Primer P1 and P2) to
introduce ECORI and Notl restriction sites (Table 6.1). Because there were 20 nucleotides
overlapped in PMAP-23-D7 and HCRNAV 109 CPHsyns, the final PCR resulted in the

production of fusion HCRNAV CPHsyns-PMAP.
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Table 6.1 Primers used for HCRNAV CPHsyns-PMAP gene fusion

Primers No. Oligonucleotide sequence (5’ to 3”)

F1 5’GACATTATCGATCTGCTGTGGGACGTTGACGATCCACAGGATCCTGACT3’
Rl 5’GACGGGTCATGTCAACCCAGACAGTGACAAAGTCAGGATCCTGTGGATC3’
F2 5’CTGGGTTGACATGACCCGTCCCCTAGC3’

R2 S’TTAAGCAGCCATCAATGCTGGCATAGC3’

P1 5’CCGGAATTCATGGACATTATCGATCTGCTGT3’ (EcoRI restriction site)

P2 5’ATAGTTTAGCGGCCGCTTAAGCAGCCATCAA3’ (Notl restriction site)
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6.2.3 Construction of the recombinant vector pPICZ A-CPHsyns

The 1.1 kb CPHsyns gene was retrieved from the pUCS57 vector as an ECORI/Notl fragment
and cloned into the corresponding ECORI and NotI sites of vector pPICZ A. The resultant
vector pPICZ A-CPHsyns was then transformed into E.coli Top10 for its amplification.
Recombinant pPICZ A-CPHsyns-PMAP was also constructed using 1.2 kb HCRNAV

CPHsyns-PMAP gene and pPICZ A.
6.2.4 Transformation of P. pastoris and cultivation of HCRNAV CPHsyns

The transformation and expression of the CPHsyns and CPHsyns-PMAP gene in P. pastoris

was performed using established procedures in section 3.2 [Sambrook and Russell, 2001].

Verified t transformants of CPHsyns and CPHsyns-PMAP were grown in a BMGY at 30 °C
for 16-20 h. The yeast cells were harvested using centrifugation and resuspended in BMMY.
Incubation was continued for an additional 96 h at 30 °C with 1 % methanol induction every
24 h. To determine the optimal harvest time after induction, one mL of the expression

medium was withdrawn every 12 h and the protein expression levels were determined using

SDS-PAGE.
6.2.5 Purification of HCRNAV and HCRNAV-PMAP VLPs

A modified virus capsid purification procedure based on PEG precipitation and density
gradient centrifugation was employed to purify the soluble assembled HCRNAV and
HcRNAV-PMAP VLPs [Ali and Roossinck, 2007]. The Pichia cells gathered by
centrifugation at 4000% g for 30 min were resuspended in five times (w/w) lysis buffer and
disrupted by sonication. Cell debris and insoluble material were removed by centrifugation
at 10,000x g for 30 min, and PEG 8000 was added to the supernatant to a final concentration
of 10 %. After overnight incubation at 4 °C, the solution was centrifuged at 10,000% g for 30

min and the resulting pellet was resuspended in phosphate buffer (10 mM Na,HPO4, 10 mM
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KH,PO4, 1 mM EDTA, 5 mM DTT, 0.5 mM PMSF, pH 7.2). The resuspended PEG pellet
was loaded onto a 1040 % cesium chloride gradient and centrifuged at 35,000x g for 2 h.

The pellet was dissolved in the same phosphate buffer for further analysis.
6.2.6 Analysis of purified HCRNAV and HCRNAV-PMAP VLPs

The purified HCRNAV and HcCRNAV-PMAP VLPs were analyzed by UV spectrometry and
TEM. The Axe0:Azso ratio was calculated. TEM images of VLPs negatively-stained with 2 %

(w/v) uranyl acetate were obtained with a CM30 electron microscope.
6.2.7 Encapsulation of fluorescence dye-labeled myoglobin

Purified HCRNAV VLPs in PBS, obtained from section 6.2.5, were dialyzed against three
changes of disassembly buffer (0.05 M phosphate buffer, 0.15 M NaCl, 2 mM DTT, pH 8.0).
Myoglobin was labeled with a fluorescent dye, Alexa Fluor 594, according to the Alexa
Fluor® 594 Protein Labeling Kit (A10239, Invitrogen, USA). The disassembled HCRNAV
VLPs and fluorescent myoglobin were mixed at the ratio of 5:1 and the resulting mixture
was incubated at room temperature for 1.5 h. The incubated solution was then dialyzed
against three changes of reassembly buffer (0.05 M phosphate buffer, 0.5 M NaCl, pH 7.2)
and concentrated by freeze-drying. Free myoglobin was removed using Vivaspin 6
ultrafiltration spin column (Sartorius, Germany). The VLPs containing encapsulated
myoglobin were further analyzed and purified by size exclusion FPLC as described in
section 5.2. The purified myoglobin-containing HCRNAV capsids were used to perform
fluorescence spectroscopy (Confocal Laser Scanning Biological Microscope FV1000,

Olympus, Japan) [Comellas-Aragones et al., 2007].
6.3 Results and discussion

6.3.1 Construction of expression vector pPICZ A-CPHsyns
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To enhance the efficiency of gene expression in P. pastoris, the HCRNAV CPHsyns gene
was optimized to the codon usage of P. pastoris (Fig. 6.3). The synthesized 1080 bp
sequence showed 95.6 % nucleotide identity (1033/1080) and 100 % deduced amino acid
identity with the native CP gene. In total, 47 changes were introduced into the synthesized
gene. The resulting HCRNAV CPHsyns was then inserted into the pPICZ A plasmid. The
digestion of the recombinant vector by ECORI and Notl showed two bands of 3.3 kb (pPICZ
A) and 1.1 kb (CPHsyns), which indicated that the expression vector pPICZ A-CPHsyns

was successfully constructed (Fig. 6.4).
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Fig. 6.3 Nucleotide and deduced amino acid sequence of HCRNAV109 CP gene and

HcRNAYV CPHsyns gene. The alterations in nucleotide sequence are boxed in red.

4.4 kb
3.3 kb

1.1 kb

Fig. 6.4 Digestion results of pPICZ A-CPHsyns with ECORI and Notl. Lane 1, digestion of
pPICZ A-CPHsyns with ECORI; 2, double-digestion of pPICZ A-CPHsyns with ECORI and

Notl; M, Takara 1 kb DNA ladder.
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6.3.2 Insertion of peptide PMAP-23-D7 at N-terminus of HCRNAV109 CPHsys

SOE-PCR was employed for the construction of peptide PMAP-23-D7 and HCRNAV109
CPHsys fusion. After 2 rounds of PCR, PMAP-23-D7 was successfully inserted at N-
terminus of HCRNAV109 CPHsys (Fig. 6.5). The 1.2 kb HCRNAV CPHsys-PMAP gene
was sequenced by Genotech Co and deduced amino acid sequence showed 100 % identity

with peptide PMAP-23-D7 and HCRNAV109 CPHsys gene.
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Fig. 6.5 Scheme of SOE-PCR for peptide PMAP-23-D7 and HCRNAV109 CPHsys fusion.
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6.3.3 Expression of the HCRNAV CPHsyns gene in P. pastoris

After screening on zeocin-YPD plates, over 10 P. pastoris transformants were induced with
methanol and examined for HCRNAV CPHsyns production. The supernatant samples were
diluted ten times after cell lysis and five pL of each sample were subjected to SDS-PAGE
(Fig. 6.6). All of the transformants showed a band at approximately 40 kDa, which was the
theoretical molecular weight of the HCRNAYV coat protein monomer. Transformant GS115-

24 was selected for further fermentation.
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HcRNAV CP

Fig. 6.6 SDS-PAGE results of P. pastoris transformants. Lane 1-3, Soluble fractions of
pPICZ A-CPHsyns transformants after sonication; 4, Control of pPICZ A/GS115; 5, Control

of GS115; M, DokDo-MARK™ broad-range.
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6.3.4 Purification of HCRNAV and HCRNAV-PMAP VLPs

Transformant GS115-24 cells were lysed by ultrasonic disruption and the HCRNAV CP
purified by PEG precipitation and density gradient centrifugation. PEG treatment of the
supernatant preferentially precipitated HCRNAV CP with almost no precipitation of other
proteins. Ultracentrifugation in CsCl further purified HCRNAV CP to a single band of 40
kDa, which showed that the coat protein was able to assemble into high molecular weight
structures (HCRNAYV VLPs) (Fig. 6.7). HCRNAV-PMAP VLPs were also purified in the

same way.
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HcRNAV CP

Fig. 6.7 Purification results of HCRNAV CP. Lane 1, Soluble fractions of GS115-24 after
sonication; 2, HCRNAV CP purified by ultracentrifugation in CsCl; M, DokDo-MARK™

Broad-range.
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6.3.5 Characterization of purified HCRNAV and HCRNAV-PMAP VLPs

The VLPs were analyzed by UV spectrophotometry and showed an Axeo:Asgo ratio of 1.51,
which was similar to the ratio of 1.56 observed with other VLPs. TEM examination of the
VLPs showed spherical particles of ca. 30 nm in diameter (Fig. 6.8). This similarity to native
HcRNAYV particles indicated that the synthesized coat protein was successfully expressed
and self-assembled into VLPs in vitro [Tomaru et al., 2004]. Also shown in Fig. 6.8,
HcRNAYV particles obtained from P. pastoris were more regular in shape and size compared

with VLPs from E.coli.

As for the expressed HCRNAV-PMAP VLPs, the sample showed rod-like particles with the
cylinder diameter of ca. 30 nm and the length over several hundreds nanometers. This was
significantly different with native HCRNAV VLPs (Fig. 6.9). The phenomenon suggested
that the insertion of PMAP-23-D7 at N-terminus of HCRNAV CPHsys changed the virus
capsid phenotype. This was also observed by Gross et al. in the N-terminal extension of HIV
capsid protein [Gross et al., 1998]. The insertion of foreign peptide at N-terminus of
HcRNAYV CPHsys might alter the interactions between virus capsid protein monomers thus
disrupt virus particle formation ultimately [Mukherjee et al., 2006]. This could help us to

understand the assembly process of HCRNAV.
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Fig. 6.8 TEM image of HCRNAV VLPs expressed in P. pastoris. The diameter of the

capsids was about 30 nm. Insert was TEM image of HCRNAV VLPs expressed in E.coli.

Size bar represents 100 nm.
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Fig. 6.9 TEM image of HCRNAV-PMAP VLPs expressed in P. pastoris. The capsids were

rod-like with length over several hundreds nanometers; Inserted was TEM image of native

HcRNAYV VLPs. Size bar represents 200 nm.
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6.3.6 Encapsulation of fluorescence dye-labeled myoglobin

The co-elution of HCRNAV VLPs and guest myoglobin (t = 36 min) was observed in the
FPLC traces (Fig. 6.10), showing the same elution time as the original capsids. These

pointed to the successful reassembly of the viral cage after the encapsulation process.

The correct reassembly of HCRNAV capsids with fluorescent myoglobin was further proven
by fluorescence spectroscopy. The capsids containing this guest protein displayed significant
emission at A = 590 nm (Fig. 6.11), indicating that inclusion of myoglobin had occurred
successfully. When HCRNAV VLPs were used as control, no emission under the same

condition was observed.
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Fig. 6.10 Size-exclusion FPLC of myoglobin-containing HCRNAV VLPs at 280 nm. The

peak at elution time of 36 min corresponded to the intact virus capsids.
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Fig. 6.11 Fluorescence spectroscopy of myoglobin-containing HCRNAV VLPs. A typical
confocal fluorescence image (1.68%1.68 pm) showed the formation of a fluorescent protein
encapsulated inside a capsid. Inset: AFM image (to scale) at the same sample location,

showing that only a small fraction of the capsids contained myoglobin molecules.
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6.4 Summary

HcRNAV109 coat protein was expressed in P. pastoris and successfully self-assembled into
polyhedral virus-like particles. To our knowledge, this is the first report on the efficient
expression and assembly in P. pastoris of the capsid of a virus infecting a harmful alga. The
successful expression and purification of HCRNAV VLPs makes their abundant and rapid
production now possible. Also we have shown that the fusion expression of peptide PMAP-
23-D7 and HCRNAV 109 capsid protein in P. pastoris and self-assembled HCRNAV-PMAP
VLPs in vitro. The virus phenotype conversion from spherical to rod-like ones was first
observed. This method also represents a promising tool for the preparation of large amounts
of VLPs for use in gene therapy, vaccine development, and other applications such as the

control of harmful algal blooms.

The encapsulation of myoglobin as a model protein inside HCRNAV VLPs revealed that
these virus capsids derived from P. pastoris were suitable nanocontainers for drug delivery
and imaging reagent carriers. The specific targeting by HCRNAV of H. circularisquama
would be extremely useful in controlling harmful algal blooms. The encapsulation of
algicidal compounds inside the capsids to improve the efficiency is another useful approach
for future investigation. HCRNAYV could become a model virus capsid that might be used as

a nanoplatform in materials science and medicine.
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Appendix 1. Improved Cell Disruption of P. pastoris Utilizing

Aminopropyl Magnesium Phyllosilicate (AMP) Clay

7.1 Introduction

Pichia pastoris has become an efficient expression system for producing recombinant
proteins of intracellular and extracellular origin from different sources [Cereghino and
Cregg, 2000]. However, intracellular products expressed in P. pastoris require an additional
step to disrupt the mechanically rigid cell wall, which is composed of multiple layers of
cross-linked B-1,3-glucan, chitin and glycosylated mannoproteins [Kollar et al., 1997; Smits
et al., 2001]. Common protocols of cell wall disruption include breaking the cell wall either
mechanically or enzymatically, which were usually tedious and time-consuming [Geciova et
al., 2002; Stowers and Boczko, 2007]. The improvement of disruption methods is essential

to acquire higher protein yields with low cost and good reproducibility.

In this chapter, we developed a simple method to disrupt Pichia cells utilizing glass beads
mill combined with organic clay. Aminopropyl magnesium phyllosilicate (AMP) clay is a
sandwiched organo-functionality with layered lamella sheets ranging from 20 to 200 nm that
resemble talc parent structure SisMgsO20(OH)s as shown in Fig. 7.1 [Ferreira et al., 2008;
Lee et al., 2010]. It has been reported that AMP clay at high concentration displays
antimicrobial activities against E. coli, Staphylococcus aureus and Candida albicans by
permeating the bacterial membrane and causing cell lysis [Chandrasekaran et al., 2011].
Therefore, the applicability of AMP clay to enhance cell disruption was investigated to
assess its efficiency on cell lysis. The demonstration system involves CCMV CP expressed
in P. pastoris GS115 and spontanecously assembled into icosahedral virus-like particles

(VLPs) [Wenger et al., 2007; Kim et al., 2013].
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Fig. 7.1 Representative structure of AMP clay SigMgO20(OH)a.
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7.2 Materials and methods

7.2.1 Culture of P. pastoris transformant of CCMV CP

The recombinant strain G48 carrying CCMV CP was inoculated in 25 mL buffered glycerol-
complex medium (BMGY) at 30 °C with shaking at 240 rpm for 16-18 h and then
transferred into 100 mL BMMY for 72 h induction. Pichia cells were centrifuged at 4000x g

for 10 min for disruption.

7.2.2 Disruption of P. pastoris cells

The pellets were washed with distilled water and resuspended in breaking buffer. An equal
volume of acid-washed glass beads (0.5 mm, Sigma) and 0.2 % (w/v) AMP clay; glass beads
only; or 0.2 % AMP clay only were added to the cell suspensions. In a primary experiment
the concentration of 0.2 % was chosen from a serial of 0.2, 0.5 and 1 % as the most suitable
amount of AMP clay added. The mixture was agitated as follows: a 30 sec vortex followed
by an interval of 30 sec on ice and sample collection after every 2 min. The samples were
centrifuged at 4000x g for 10 min at 4 °C, and protein concentration of the supernatant was
measured by Bradford assay. The experiments were repeated 5 times and each figure was

measured 3 times for average.

7.2.3 Analysis of disrupted P. pastoris cells

The supernatant of the lysed samples were diluted ten times and checked by SDS-PAGE

with 15 % polyacrylamide gel at 120 V for 2.5 h.

To check the influence of AMP clay on the lysis process, oil-immersion light microscopy
was introduced to assess cell breakage and debris size using Nikon Eclipse TS100
microscope (Nikon, Japan). Samples were diluted to the equivalent of a 1 % cell slurry

solution and examined at 400% magnification.

-126 -



7.2.4 Evaluation of effect on CCMV CP by added AMP-clay

Subsequently, a modified viral capsid purification procedure based on PEG precipitation and
density gradient centrifugation was used to purify CCMV VLPs [Ali and Roossinck, 2007].
The purified CCMV VLPs were reassembled in sodium acetate buffer and analyzed by
transmission electron microscopy (TEM) with high-resolution transmission electron

microscope JEOL JEM 3010 (Electron Microscopy Laboratory, KAIST, Korea).

7.3 Results and discussion

7.3.1 Disruption of P. pastoris cells

As shown in table 1, the starting concentrations of all samples (from 0 to 2 min) were too
low to show any difference; as time went on, the results of AMP clay-assisted glass beads
and glass beads mill only method displayed statistically significant difference (p = 0.038). In
the combined method, the protein concentration increased and reached the highest level at
4.24 mg/mL after 4 min. With the beads mill only method, the highest protein concentration
obtained was 3.81 mg/mL at 8 min. The disruption time assisted with AMP clay was half
shorten, while the protein concentration extracted increased by 11.2 %. As expected, the
methods using the negative control or AMP clay only did not yield proteins at a detectable

level. Similar results were also observed when AMP clay was combined with sonication.
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Table 7.1 Total protein concentration of P. pastoris G48 by different cell disruption methods

Total protein

Time Total protein concentration by Total protein concentration by
concentration by AMP
(min) AMP clay+glass beads (mg/mL)  glass beads only (mg/mL)
clay only (mg/mL)
0 0.07+0.02 0.07+0.03 0.08+0.02
2 0.32+0.06 0.39+0.03 0.09+0.04
4 4.24+0.04" 3.57+0.05" 0.09+0.03
6 4.04+0.05" 3.59+0.03 0.11£0.05
8 3.85+0.03 " 3.81+0.04 " 0.11+0.04
10 3.74+0.03 " 3.58+0.02 " 0.12+0.03

* The difference in the mean values of the two groups is greater than would be expected by

chance; there is a statistically significant difference between the input groups (p = 0.038).
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7.3.2 Analysis of disrupted P. pastoris cells

The diluted supernatant samples were checked by SDS-PAGE. As presented in Fig. 1, there
was a significant increase in protein extraction from 0 to 2 mg/mL at 4 min using both the
AMP clay-assisted beads mill and the beads mill only; however, all the bands from the
method using AMP clay only were obscure. It’s interesting to find that the amount of CCMV
CP (approximate 20 kDa, boxed bands in Fig. 7.2) obtained from the combined method was
much higher than that from the method using glass beads only: 0.82 mg/mL compared to
0.73 mg/mL (calculated by software BandScan v5.0). This indicated that AMP clay could

preserve coat protein from degradation during disruption.

The oil-immersion light microscopy was introduced to assess cell breakage and debris size.
From Fig. 7.3, the lysate from the AMP clay-assisted method showed a change from the
initial aggregation to small cellular debris with large and irregular in shape. This change
may be attributed to the binding of Pichia cells to AMP clay in the solution via electrostatic
interactions. In contrast, the lysate from the glass beads only method revealed extensive
fragmentation of cells with almost no large particles of aggregated cellular debris visible

after the disruption.
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Fig. 7.2 Comparison of SDS-PAGE results by different cell disruption methods. Time 0, 2,
4, 6, 8, 10 min; the boxed band region was recombinant CCMV capsid protein; M, DokDo-

MARK™ Broad-range.
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Fig. 7.3 Optical microscopy of Pichia cell disruption by different methods. (1), (2), (3) were

from AMP clay-assisted glass beads mill as time of 0, 4, and 10 minutes; (4), (5), (6) were

from glass beads mill only as time of 0, 4, and 10 minutes as control.
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7.3.3 Evaluation of effect on CCMV CP by added AMP-clay

The concentration of purified CCMV CP by AMP clay assisted method was 0.28 mg/mL,
which was a little higher compared to 0.23 mg/mL obtained by glass beads mill only. The
recovery efficiency of target product by the combined method was 6.6 % of total protein
(4.24 mg/mL) while it was 6.1 % of total protein (3.81 mg/mL) in the unmodified method.
The reassembled CCMV VLPs were evaluated by TEM. CCMV CP reassembled into
spherical VLPs with an average diameter of 28 nm as observed in Fig. 7.4 This result was
identical to that of the control disrupted by the beads mill, implying that the assembly of
viral capsids was not affected by AMP clay. Another recombinant GS115/pPICZ/lacZ (Mut")
carried a fused lacZ gene was also disrupted by both methods to check whether AMP clay
would affect the functionality of recombinant proteins in P. pastoris. Similar enzyme activity
of crude B-galactosidase was observed in both methods. This suggested that AMP clay
caused no denaturation or side effect on enzyme activity of recombinant proteins in P.

pastoris.

As demonstrated by Lee et al. [Lee et al.,, 2010], AMP clay was an organoclay-modified
derivative in the form of nanocomposite SigMgsO20(OH)s. It was easy and inexpensive to
synthesize and the amount added here was quite little which would not cause the increase of
material cost. From the parent structure, AMP clay possesses hydrophilic and protonated
groups (R-NH,) which create a number of binding sites for ion exchange within the
interlayer spaces and serve as surface groups on the lamella [Holmstrdm et al., 2007]. The
interaction between AMP clay and the negatively charged layer of glucan, chitin and
mannoproteins destroyed the rigidity of cell wall, encouraged cell wall leakage and
increased permeability, which ultimately lead to cell lysis. Under the high shear stress
resulting from the collision between cells and glass beads in vigorous agitation, the addition

of AMP clay may enhance the lysis process significantly. Considering the higher yield of
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CCMV CP and well-assembled VLPs, the spaces between the clay sheets may shelter the
proteins extracted from the cytoplasm in the buffer and preserve them from degradation

caused by glass beads.
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Fig. 7.4 TEM image of CCMV VLPs by AMP clay combined glass beads mill. The spherical

particles showed an average diameter of 28 nm. Size bar represents 100 nm.
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7.4 Summary

In conclusion, a modified AMP clay-assisted glass beads mill was provided for Pichia cell
disruption at the laboratory scale without cost increase. The treatment time was shortened by
half, while the yield of extracted proteins was 11.2 % higher. The stability of CCMV VLPs

demonstrated this method to be a simple and reliable method for yeast cell lysis.
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Overall Conclusions and Future Aspects

CCMYV and HcRNAV CP were expressed in Pichia pastoris and assembled into appropriate
VLPs, indicating P. pastoris as a promising expression system for mass production of virus
capsids. A unique pigment, Prussian blue, was encapsulated and synthesized inside the
cavity of CCMV capsids. CuAAC reaction was employed to decorate the exterior surface of
CCMV for the first time. The resulting modified capsids presented different adhesion
behavior with HeLa cells. The co-expression of HCRNAV CP and algicidal peptide PMAP-

23-D7 showed potential in controlling harmful algae blooms (HABs).

In the future, the combination of encapsulation and surface modification of virus capsids
should be investigated. The drug molecules are first loaded inside virus capsids to be
protected from surrounding environments. Then specific target moieties are attached on the
outer surface for efficient targeting, release, and injection with minimum side effects. This

could be the destination for their application in naonomaterial and pharmaceutics.
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Heterocapsa circularisquama RNA virus (HcCRNAV) is the first single-stranded RNA virus to be characterized that infects dino-
flagellates. The ability of HCRNAV coat protein (HcCRNAV CP) to self-assemble into virus-like particles (VLPs) in vitro suggested
that heterologous expression was possible, and that the VLPs might be ideal nanocontainers for the targeted delivery of genes and
chemicals. In this paper, we report the expression of a codon-optimized HcRNAV 109 CP gene in Pichia pastoris and the produc-
tion of self-assembled HCRNAV VLPs using large-scale fermentation. The HcRNAV 109 CP gene was synthesized according to
the codon preference of P. pastoris and cloned into a pPICZA vector. The recombinant plasmid pPICZA-CPsyns was transformed
into P. pastoris by electroporation. The resulting yeast colonies were screened by PCR and analyzed for protein expression by
SDS polyacrylamide gel electrophoresis. After large-scale fermentation, the yield of HCRNAV CPsyns reached approximately
2.5 g L™! within 4 d. The HCRNAV VLPs were purified using PEG precipitation followed by cesium chloride density gradient
ultracentrifugation, and were subsequently analyzed using UV spectrophotometry and transmission electron microscopy. Fluores-
cence dye-labeled myoglobin was loaded into the cages of the HCRNAV VLPs and the encapsulation was confirmed by fluores-
cence spectroscopy. The results point to the possible utilization in pharmacology or nanotechnology of HCRNAV VLPs produced
by P. pastoris fermentation.

Heterocapsa circularisquama RNA virus (HcRNAY), virus-like particles (VLPs), expression, self-assembly, Pichia pastoris
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Harmful algal blooms (HABs), also known as red tides,
have had a negative impact on aquatic ecosystems and have
increasingly become a threat to human and marine health
[1,2]. Rapid increases in an algal population can lead to
water discoloration, shading of submerged vegetation, dis-
ruption of food-web dynamics and oxygen depletion in the
water. HABs are known to have damaged the fishing indus-
try, and to have affected shoreline quality and local econo-
mies. The potent neurotoxins can concentrate in filter-
feeding shellfish and poison human consumers [3-5]. Even
non-toxic algae can be harmful when they amass in suffi-

*Corresponding author (email: shinhj@chosun.ac.kr)

© The Author(s) 2012. This article is published with open access at Springerlink.com

cient numbers. HABs occur in many regions around the
world, including Scandinavia, the North Pacific, the Carib-
bean and the South Pacific [6,7].

The toxic or harmful phytoplanktons that cause HABs
are commonly dinoflagellates, such as Alexandrium and
Karenia [8]. Most dinoflagellates have a unique structure
that includes a nucleus known as the dinokaryon within
which the chromosomes are attached to the nuclear mem-
brane. Many efforts have been made to control harmful al-
gal blooms with little success [9]. Today, the biological
control of HABs is considered to be feasible [10]. Viruses
that are abundant in marine systems replicate rapidly and
tend to be host-specific, suggesting that single algal species

csb.scichina.com  www.springer.com/scp



WuYZetal. ChinSciBull

could be targeted [11,12]. Parasites also have the potential
to control algal bloom species, but their specific role in this
regard is largely unknown [13].

Heterocapsa circularisquama RNA virus (HCRNAYV) is
the first single-stranded RNA virus to be characterized that
infects dinoflagellates [14]. H. circularisquama Horiguchi,
first observed in Uranouchi Bay, Japan, is a harmful bloom-
causing dinoflagellate that specifically kills bivalves [15].
HcRNAV particles are polyhedral with a diameter of ap-
proximately 30 nm, and encapsulate a single positive-stranded
4.4 kb RNA genome. Two open reading frames (ORF-1 and
ORF-2) were identified in the genome, ORF-2 coding for the
viral coat protein [16]. HCRNAYV targets and accumulates in
the dinoflagellate nucleus. The virus clones have been di-
vided into types CY and UA (HCRNAV109 and HcCRNAV34,
respectively), based on their host strain specificity [17].

The methylotropic yeast, Pichia pastoris, has been shown
to be a suitable system for the heterologous expression of
virus coat protein, which could then self assemble into virus-
like particles (VLPs) in vitro. The successful examples in-
clude cowpea chlorotic mottle virus (CCMV), hepatitis B
virus (HBV), and bacteriophage Qbeta [18-20]. Besides its
ability to express foreign proteins at a high level, P. pastoris
has been shown to have several advantages over other ex-
pression systems. The fermentation period was usually 4—
5 d, compared to the plant hosts in which production took
weeks [21]. The synthesized VLPs were soluble and able to
self-assemble, while production in prokaryote hosts, such as
E. coli, often results in insoluble inclusions [22].

In this paper, we report on the heterologous synthesis of
HcRNAYV 109 coat protein by P. pastoris. The successful
large-scale fermentation and purification of the self-assem-
bled HCRNAV VLPs suggest their potential application as
nanocontainers. To our knowledge, this is the first paper to
report the heterologous expression of HCRNAV.

1 Materials and methods

1.1 Synthesis of P. pastoris codon-optimized HcCRNAYV
109 CPsyns

The sequence of the HCRNAV 109 CP gene, GenBank acces-
sion [AB218609] [23], was redesigned to substitute amino
acid codons that are seldom used in P. pastoris with those
more frequently used [24]. Chemical synthesis of the new
CP gene (CPsyns) was accomplished with GenScript, USA.
Restriction sites for EcoR I (GAATTC) and Not 1 (GCGG-
CCGC) were added upstream and downstream, respectively,
of the CPsyns gene. The plasmid pUC57-CPsyns was trans-
formed into E. coli Top10 for amplification and preservation.

1.2 Construction of the recombinant vector pPICZA-
CPsyns

The P. pastoris host strain GS115 (his4, histidine-requiring

September (2012) Vol.57 No.25
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auxotroph) and the intracellular expression vector pPICZA
were purchased from Invitrogen, USA. For the in vivo ex-
pression in P. pastoris, the 1.1-kb CPsyns gene was re-
trieved from the pUC57 vector as an EcoR I/Not I fragment
and cloned into the corresponding EcoR I and Not 1 sites of
the Pichia integrative vector, pPICZA. The resultant vector
pPICZA-CPsyns was then transformed into E. coli Topl0
for its amplification.

1.3 Transformation of P. pastoris and cultivation of
HCRNAY 109 CPsyns

The transformation and expression of the CPsyns gene in P.
pastoris was performed using established procedures [25].
The recombinant plasmid pPICZA-CPsyns was linearized
with Sac I and subsequently used to transform P. pastoris
GS115 by electroporation (Multiporator, Eppendorf, Ger-
many). The transformed yeast cells were incubated in YPD
agar containing Zeocin at 30°C for 2-3 d. Because the
CPsyns gene was integrated into the 5' alcohol oxidase
promoter (AOX1) locus on the Pichia chromosome, all
transformants would be His* Mut". The CPsyns gene in the
transformed yeast cells was amplified with PCR using the
CPsyns and AOX1 primers (data not shown).

Verified transformants were grown in a buffered glycer-
ol-complex medium (BMGY) at 30°C for 16-20 h. The
yeast cells were harvested using centrifugation and resus-
pended in buffered methanol-complex medium (BMMY) at
an optical density of 1.0 at 600 nm (about 5x10” cells mL™").
Incubation was continued for an additional 96 h at 30°C
with 1% methanol induction every 24 h. To determine the
optimal harvest time after induction, 1 mL of the expression
medium was withdrawn every 12 h and the protein expres-
sion levels were determined using SDS polyacrylamide gel
electrophoresis (SDS-PAGE). Non-transformed P. pastoris
GS115 and cells transformed with the expression vector
pPICZA/GS115 were included as controls for the same in-
duction process.

1.4 Large scale fermentation of HCRNAYV 109 CPsyns

A positive transformant GS115-24, reliably expressing the
HcRNAV CPsyns gene, was selected to scale-up CPsyns
production in a 5-liter fermenter (Fermentec XP 50, Korea)
using established protocols (Pichia Fermentation Process
Guidelines, Invitrogen, USA). A total of 10% of the initial
fermentation volume of GS115-24 in BMGY was inoculated
into BMGY in the fermenter. One mL of the fermentation
medium was withdrawn every 12 h to monitor cell growth
using absorbance at 600 nm. Coat protein expression levels
were determined using SDS-PAGE. After the glycerol fed-
batch phase and the methanol fed-batch phase, the culture
was centrifuged to separate the cells from the supernatant.
The harvested P. pastoris cells were placed on ice for fur-
ther lysis, while protein concentration was analyzed using
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the Bradford protein assay.

1.5 Purification of HCRNAYV 109 VLPs

A modified virus capsid purification procedure based on
PEG precipitation and density gradient centrifugation was
employed to purify the soluble assembled HCRNAV VLPs
[26]. The Pichia cells gathered by centrifugation at 4000xg
for 30 min were resuspended in five times (w/w) lysis buffer
(50 mmol L™ sodium phosphate, pH 7.4, 1 mmol L™! PMSF,
1 mmol L™ EDTA, and 5% glycerol) and disrupted by son-
ication (30 s on, 30 s off, 15 cycles, Vibra-cell VCX-750,
Sonics, USA). Cell debris and insoluble material were re-
moved by centrifugation at 10000xg for 30 min, and PEG
6000 was added to the supernatant to a final concentration
of 10%. After overnight incubation at 4°C, the solution was
centrifuged at 10000xg for 30 min and the resulting pellet
was resuspended in phosphate buffer (10 mmol L™ Na,HPO,,
10 mmol L™ KH,PO,, pH 7.2). The resuspended PEG pellet
was loaded onto a 10%—40% cesium chloride gradient and
centrifuged at 35000xg for 2 h. The pellet was dissolved in
the same phosphate buffer for further analysis.

1.6 Analysis of purified HCRNAYV 109 VLPs

The purified HCRNAV VLPs were analyzed by UV spec-
trometry and transmission electron microscopy (TEM). Ab-
sorption at 260 nm and 280 nm was measured on a Scinco
S-3100 UV spectrophotometer (Seoul, Korea), and the Axg:
Apg ratio was calculated. TEM images of VLPs negatively-
stained with 2%(wt:vol) uranyl acetate were obtained with a
CM30 electron microscope (FEI/Philips) operated at 200 kV
(Korea Basic Science Institute, Chunchon Center, Korea) [26].

1.7 Encapsulation of fluorescence dye-labeled myoglobin

Purified HCRNAYV VLPs in PBS, obtained from Section 2.5,
were dialyzed against three changes of disassembly buffer
(0.05 mol L' phosphate buffer, 0.15 mol L™ NaCl, 2
mmol L™ DTT, pH 8.0). Myoglobin was labeled with a
fluorescent dye, Alexa Fluor 594, according to the Alexa
Fluor® 594 Protein Labeling Kit (A10239, Invitrogen, USA).
The disassembled HCRNAV VLPs and fluorescent myoglo-
bin were mixed at the ratio of 5: 1 and the resulting mixture
was incubated at room temperature for 1.5 h. The incubated
solution was then dialyzed against three changes of reas-
sembly buffer (0.05 mol L™ phosphate buffer, 0.5 mol L™
NaCl, pH 7.2) and concentrated by freeze-drying. Free my-
oglobin was removed using Vivaspin 6 ultrafiltration spin
column (Sartorius, Germany). The VLPs containing encap-
sulated myoglobin were further analyzed and purified by
size exclusion fast performance liquid chromatography (FPLC)
on Biologic DuoFlow™ Chromatography System (Bio-Rad,
USA) equipped with a Superose 6 PC 3.2/30 column (flow
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rate 40 pL min~', GE Healthcare, USA). The purified myo-
globin-containing HCRNAV capsids were used to perform
fluorescence spectroscopy (Confocal Laser Scanning Bio-
logical Microscope FV1000, Olympus, Japan) [27].

2 Results and discussion
2.1 Construction of expression vector pPICZA-CPsyns

The P. pastoris expression system was chosen due to its
relatively simple fermentation protocol and high final cell
density. To enhance the efficiency of gene expression, the
HcRNAYV CPsyns gene was optimized to the codon usage
of P. pastoris (Figure 1). The synthesized 1080 bp sequence
showed 95.6% nucleotide identity (1033/1080) and 100%
deduced amino acid identity with the native HcRNAV 109
CP gene. The inclusion of seldom-used codons in P. pas-
toris, such as CGG (arginine) and GCG (alanine), can lead
to low efficiency of gene translation via early termination.
These codon alterations (CGG—~AGA, GCG—GGT) were
expected significantly to improve the expression level of
foreign proteins. In total, 47 changes were introduced into
the synthesized gene. The resulting HCRNAV CPsyns was
then inserted into the pPICZA plasmid. The digestion of the
recombinant vector by EcoR I and Not I showed two bands
of 3.3 kb (pPICZA) and 1.1 kb (CPsyns), which indicated
that the expression vector pPICZA-CPsyns was constructed
successfully (Figure 2).

2.2 Expression of the HCRNAYV 109 CPsyns gene in P.
pastoris

After screening on Zeocin-YPD plates, over 10 P. pastoris
transformants were induced with methanol and examined
for HCRNAV CPsyns production. Each supernatant (5 pL)
after cell lysis was subjected to SDS-PAGE (Figure 3). All
of the transformants showed a band at approximately 40 kD,
which was the theoretical molecular weight of the HCRNAV
coat protein monomer. Transformant GS115-24 was selected
for further fermentation.

The P. pastoris transformant GS115-24 grew exponen-
tially for more than 40 h in the glycerol fed-batch phase in
the 5-liter fermenter. Then, a methanol-fed induction was
commenced over 72 h with the methanol concentration be-
ginning at 3.6 mL h™' L™" and reaching 10.9 mL h™' L™". The
maximum wet cell weight reached was 400 g L (Agoo of
approximately 160). The concentration of crude HCRNAV
coat protein approached 2.5 g L™' as determined by the
Bradford protein assay, which was more than 12-fold the
yield of HCRNAV CP in the shaking flasks. This is one of
the highest productions of viral coat protein reported to date.

2.3 Purification of HCRNAYV 109 VLPs

Recombinant GS115-24 cells were lysed by ultrasonic
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1 ATGACCCGTCCCCTAGCTCTTACCAATGGCGGCAATACTAATGGAGGCAATAACGGCGGCTCCCOCGOLGTCCTCCCCGACAGTGCLGE] 80
1 ATGACCCGTCCCCTAGCTCTTACCAATGGCGGCAATACTAATGGAGGCAATARCGGCGGCTCYAGHAGALGTCCTCCCCGACAGAGARGA| 90
1 M TR P L ALTNTGTGWNTNGT G NN NTGTG S|R|R|R P P R QlRJR] 30

91 CAGGGCAGGCGTCGAAAQCGHCG $GGGGCGGC GGGGGTGGCGECCCCCGTAACAATGCCGCTATGGTGTTGGCCCAGGGAGCTGGGTCC 180

=g

91 CAGGGCAGGCGTCGAAAQAGHACHAGGGECGECEEGEETGGCGGCCCCCEGTAACAATGCCGCTATGGTGTTGGCCCAGGGAGCTGGGTCC 180
k] Q G R RRUN|E|RIR 6G 6 6G G G G P R NN ARMVYVIULAQ QG GA ATG S 60

181 GTGCCCGGGATGCCTTTTGGCAGCTGGCCTTCGCGTAGTTCAATGCAAGCCTGGGATGCCTTTCACCCTGAGCACCTYCCHCTCEC I 270
R

181 GTGCCCGGGATGCCTTTTGGCAGCTGGCCTTCGCGTAGTTCAATGCAAGCCTGGGATGCCTTTCACCCTGAGCACCTYCCHTITGLCTAGH 270
61 Vv P G M P F G S W P 5§ R 5 5 M Q0 A W D A F H P E H L|EPJLI|P a0

271 TCAGTGGGGCCCTATTGAETGGTYCGORCGAGCAGCTTGATCACGTCCAGCGACAAGGTCATGTTGTTTGCTCCCACGGTTGGCGACGAC 360

271 TCAGTGGGGCCCTANTGTGTGGTAGAHACGAGCAGCTTGATCACGTCCAGCGACAAGGTCATGTTGTTTGCTCCCACGGTTGGCGACGAC 360

99 s v 6 P Y|c|Vv V|R]JT 5§ §s L I T § S D KV M L F A P TV G D D 120

361 -e GGCTAACGTCATGTGGGCTGGGGTCCCGM\GGAGGGGCTI\TTAATGGACMGATAATACCAACTTGTACRCCGT}\CCC 450
lA

361 GGQIGTIGGCTAACGTCATGTGGGCTGGGGTC] ACCGAAGGAGGGGCTATTAATGGACAAGATAATACCAACTTGTACACCGTACCC 450
121 G6lc|w . T § ¢ 6 L G S|RJT E G G A I N G Q D N TN L Y T V P 150

451 CTCCGEGGATTGCAACCACTGGTAGCGCTATCACGETCGTGCCTGLJLC P TGTCAGTCCAGGTTATGARCCCCARCCCACTTATGTCC 540
CA
P

451 CT LGGATTGCAACCACTGGTAGCGCTATCACGGTCGTGCCTCCTIECTFTGTCAGTCCAGGTTATGAACCCCAACCCACTTATGTCC 540
151 L G I AT T G S A I TV V P|lA]JA|JL 8 V Q VM N P N P L M s 180

541 ACCACTGGAATCTTTGGTGGCACAGTTTCACACACCCAGCTTAATCTTGCAGGGCGTACAGAGACCTGGAATGATTTCGCTACGGAGGTG 630
541 ACCACTGGRATCTTTGGTGGCACAGTTTCACACACCCAGCTTAATCTTGCAGGGCGTACAGAGACCTGGAATGATTTCGCTACGGAGGTG 630
19 T T 6 I F 6 G T vV § H T Q@ L N L A G R T E TWNUDFATE V 210

631 ATTTCTTTTATGAGHCCJ L-uG:TTATGTCGGCTGGGAAGCTTGCCCTRGTCC}\GGGAGR'I‘BGCTACCCCCTTMTATGTCC?C 720

631 ATTTCTTTTATGAGECCARGALTTATGTCGGCTGGGAAGCTTGCCCTEAGAGGAGTCCAGGGAGATAGCTACCCCCTTAATATGTCOECT| 720
211 1 8 F M R|P|rR|JL M 5 A 6 K L A L|EJG V @ G D S Y P L N M s|a]| 240

721 TTGTCCAACTTCAATTGTGTCCACGACGTGACAGCAGACAAGCATACGTGGACTGATTACGCCGGGTTCTAQUCHACTGGTTTESCGLECG 810
721 TTGTCCAACTTCAATTGTGTCCACGACGTGACAGCAGACAAGCATACGTGGACTGATTACGCCGGGTTCTAQUCARCTGGTTTEECTECG 810
2441 L S N F N C V H D V T A D K H T W T D Y A G F ¥ T G L|A]JP 270
811 ATAGTCTTTGTGAACGAGGCAAAGCAAACAATGARCTATCTGGTGTCTGTCGAATGECCOGT uGGFTTGRCAIL\:(;(.MLLL!.GLJ(:I1 900

811 ATAGTCTTTGTGAACGAGGCAAAGCAAACAATGAACTATCTGGTGTCTGTCGAATGEAGAGTAAGAITTGACATCGGCARCCCTGCTGTT 900
271 I vV F vV N E A K Q T M N Y L V S V E W[R|JV|R|JF D I G N P A V 300

901 GCCGCC CGOCACCACGGCATTACH COBAGTGGAAGTGGGATGATATGAT TAAGACTGCAATTGC! SGTCACGGTATTATGGAT 990
901 GCCGCCC. GMCACCACGGCATTACH CABAGTGGAAGTGGGATGATATGATTAAGACTGCAATTGCTRGAGGTCACGGTATTATGGAT 990
301 A A Q|RJH H G I T E W K W D DM I K T A I A|R|]G H G I M D 330
991 ATCGCTGAGCGTGTTGCCAAQCCIEGCTCGTTTGCCGCAAACGCTGTGETYCCJC T CCRGGGCTATGCCAGCATTGATGGCTGCTTAA 1080
GAJ
AR

991 ATCGCTGAGCGTGTTGCCAAQGCTGGCTCGTTTGCCGCARACGCTGTGGTT RGGGCTATGCCAGCATTGATGGCTGCTTAA 1080
3 I A E R V A N|A|JG S F A A N A V V R A M PA L MARA * 35

Figure 1 Nucleotide sequences and deduced amino acid sequence of HCRNAV 109 CP gene (top line) and HCRNAV CPsyns gene (bottom line). The alter-
ations in nucleotide sequence are boxed in gray.
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Figure 3 SDS-PAGE of P. pastoris transformants. Lanes 1-3, soluble
fractions of pPICZA-CPsyns transformants after sonication; 4, control of

Figure 2 Digestion of pPICZA-CPsyns with EcoR T and Not 1. Lane 1,
g £ P Y pPICZA/GS115; 5, control of GS115; M, DokDo-MARK™ broad-range.

digestion of pPICZA-CPsyns with EcoR I; 2, double-digestion of pPICZA-
CPsyns with EcoR I and Not I; M, Takara 1 kb DNA ladder.

with almost no precipitation of other proteins. Ultracentrif-
disruption and the HCRNAV CP purified by PEG precipita- ugation in CsCl further purified HCRNAV CP to a single

tion and density gradient centrifugation. PEG treatment of band of 40 kD, which showed that the coat protein was able
the supernatant preferentially precipitated HCRNAV CP to assemble into high molecular weight structures (HcR-
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NAYV VLPs) (Figure 4).

2.4 Characterization of purified HCRNAYV 109 VLPs

The VLPs were analyzed by UV spectrophotometry and
showed an A,gy:Aygg ratio of 1.51, which was similar to the
ratio of 1.56 observed with other VLPs.

TEM examination of the VLPs showed spherical parti-
cles of ca. 30 nm diameter (Figure 5). This similarity to
native HCRNAV particles indicated that the synthesized
coat protein was successfully expressed and self-assembled
into VLPs in vitro [14].

2.5 Encapsulation of fluorescence dye-labeled myoglobin

The co-elution of HCRNAV VLPs and guest myoglobin (1=
36 min) was observed in the FPLC traces (Figure 6), showing
the same elution time as the original capsids. These pointed
to the successful reassembly of the viral cage after the

M

HcRNAV CP
40 kD

Figure 4 Purification of HCRNAV coat protein. Lane 1, soluble fractions
of GS115-24 after sonication; 2, HCRNAV CP purified by ultracentrifuga-
tion in CsCl; M, DokDo-MARK™ broad-range.

Figure 5 TEM image of HCRNAV VLPs. The diameter of the capsids
was about 30 nm. Size bar represents 100 nm.
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Figure 6 Size-exclusion FPLC of myoglobin-containing HCRNAV VLPs
at 280 nm. The peak at elution time of 36 min corresponded to the intact
virus capsids.

encapsulation process.

The correct reassembly of HCRNAV capsids with fluo-
rescent myoglobin was further proven by fluorescence spec-
troscopy. The capsids containing this guest protein dis-
played significant emission at 4=590 nm (Figure 7), indi-
cating that inclusion of myoglobin had occurred successful-
ly. When HCRNAYV VLPs were used as control, no emission
under the same condition was observed.

3 Conclusion

HcRNAYV 109 coat protein was expressed in Pichia pastoris

Figure 7 Fluorescence spectroscopy of myoglobin-containing HCRNAV
VLPs. A typical confocal fluorescence image (1.68 umx1.68 um) showed
the formation of a fluorescent protein encapsulated inside a capsid. Inset:
AFM image (to scale) at the same sample location, showing that only a
small fraction of the capsids contained myoglobin molecules.



WuYZetal. ChinSciBull

and successfully self-assembled into polyhedral virus-like
particles. To our knowledge, this is the first report on the
efficient expression and assembly in P. pastoris of the cap-
sid of a virus infecting a harmful alga. Optimization of co-
dons to those preferred by P. pastoris was necessary for the
high expression of the foreign gene in the P. pastoris system
[28]. The successful expression and purification of HcR-
NAV VLPs makes their abundant and rapid production now
possible. This method also represents a promising tool for
the preparation of large amounts of VLPs for use in gene
therapy, vaccine development, and other applications such
as the control of harmful algal blooms.

The encapsulation of myoglobin as a model protein in-
side HCRNAV VLPs revealed that these virus capsids de-
rived from P. pastoris were suitable nanocontainers for drug
delivery and imaging reagent carriers. The specific targeting
by HcRNAV of H. circularisquama would be extremely
useful in controlling harmful algal blooms. The encapsula-
tion of algicidal compounds inside the capsids to improve
the efficiency is another useful approach for future investi-
gation. HCRNAYV could become a model virus capsid that
might be used as a nanoplatform in materials science and
medicine. Further analysis to compare the properties of the
recombinant HCRNAV capsids with those of the native
types is ongoing. The modification of HCRNAV CP by al-
tering certain functional amino acids could also be useful in
revealing the detailed structure, currently unknown, of the
HcRNAYV capsid.

This work was supported by the Pioneer Research Center Program through
the National Research Program of Korea funded by the Ministry of Education,
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Abstract An efficient method for Pichia cell disruption
that employs an aminopropyl magnesium phyllosilicate
(AMP) clay-assisted glass beads mill is presented. AMP
clay is functionalized nanocomposite resembling the talc
parent structure SigMggO,o(OH),4 that has been proven to
permeate the bacterial membrane and cause cell lysis. The
recombinant capsid protein of cowpea chlorotic mottle
virus (CCMV) expressed in Pichia pastoris GS115 was
used as demonstration system for their ability of self-
assembly into icosahedral virus-like particles (VLPs). The
total protein concentration reached 4.24 mg/ml after 4 min
treatment by glass beads mill combined with 0.2 % AMP
clay, which was 11.2 % higher compared to glass beads
mill only and the time was half shortened. The stability of
purified CCMV VLPs illustrated AMP clay had no influ-
ence on virus assembly process. Considering the tiny
amount added and simple approach of AMP clay, it could
be a reliable method for yeast cell disruption.

Keywords AMP clay - Cell disruption - Pichia pastoris -

Virus-like particles

Pichia pastoris has become an efficient expression system
for producing recombinant proteins of intracellular and
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extracellular origin from different sources at high yields
(Cereghino and Cregg 2000). However, intracellular
products expressed in P. pastoris require an additional step
to disrupt the mechanically rigid cell wall, which is com-
posed of multiple layers of cross-linked B-1,3-glucan,
chitin and glycosylated mannoproteins (Kollar et al. 1997,
Smits et al. 2001). Common protocols of cell wall dis-
ruption include breaking the cell wall either mechanically
or enzymatically, which are usually tedious and time-
consuming (Geciova et al. 2002; Stowers and Boczko
2007). The improvement of disruption methods is essential
to acquire higher protein yields with low cost and good
reproducibility.

In this work, we developed a simple method to disrupt
Pichia cells utilizing glass beads mill combined with
organic clay. Aminopropyl magnesium phyllosilicate
(AMP) clay is a sandwiched organo-functionality with
layered lamella sheets ranging from 20 to 200 nm that
resemble talc parent structure SigMgeO,o(OH), (Ferreira
et al. 2008; Lee et al. 2010). It has been reported that AMP
clay at high concentration displays antimicrobial activities
against Escherichia coli, Staphylococcus aureus and Can-
dida albicans by permeating the bacterial membrane and
causing cell lysis (Chandrasekaran et al. 2011). Therefore,
the applicability of AMP clay to enhance cell disruption
was investigated to assess its efficiency on cell lysis. The
demonstration system involves the recombinant capsid
protein (CP) of cowpea chlorotic mottle virus (CCMV)
which was expressed in P. pastoris GS115 and spontane-
ously assembled into icosahedral virus-like particles
(VLPs) (Wenger et al. 2007; Wu et al. 2011).

The recombinant strain G48 was constructed by insert-
ing CCMV CP into Pichia integrative vector pPICZ A
under the highly-inducible AOX1 promoter (Wu et al.
2011). As described in EasySelect Pichia Expression Kit

@ Springer
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Table 1 Total protein

ncentration of P foris GA8 Time Total protein concentration by AMP  Total protein concentration  Total protein concentration
E(;, ((i:iefferin(t) ce(:)ll dlfrﬁ;gc:lrf (min) clay-assisted glass beads (mg/ml) by glass beads only (mg/ml) by AMP clay only (mg/ml)
methods 0 0.07 + 0.02 0.07 + 0.03 0.08 + 0.02
By ) ) 2 0.32 + 0.06 0.39 £+ 0.03 0.09 £+ 0.04
VaEfS ‘::fff;r:lgfo“glrg‘;p?f:n 4 424 + 004 * 3.57 4 0.05 * 0.09 + 0.03
greater than would be expected [§ 4.04 £ 0.05 * 3.59 £0.03 * 0.11 £+ 0.05
by chance; there is a statistically 8 3.85 £ 0.03 * 3.81 £ 0.04 * 0.11 £+ 0.04
significant difference between 10 3744003 * 3.58 + 0.02 * 0.12 + 0.03

the input groups (p = 0.038)

(Invitrogen, USA), recombinant G48 was inoculated in
25 ml buffered glycerol-complex medium (BMGY) at
30 °C with shaking at 240 rpm for 16-18 h and then
transferred into 100 ml buffered methanol-complex med-
ium (BMMY) for 72 h induction. Pichia cells were cen-
trifuged at 4000x g for 10 min for disruption. The pellets
were washed with distilled water and resuspended in
breaking buffer (50 mM sodium phosphate, pH 7.4, | mM
EDTA, 5 % (v/v) glycerol, and freshly made 1 mM
PMSF). An equal volume of acid-washed glass beads
(0.5 mm, Sigma) and 0.2 % (w/v) AMP clay; glass beads
only; or 0.2 % AMP clay only were added to the cell
suspensions. In a primary experiment the concentration of
0.2 % was chosen from a serial of 0.2, 0.5 and 1 % as the
most suitable amount of AMP clay added. The mixture was
agitated as follows: a 30 s vortex followed by an interval of
30 s on ice and sample collection after every 2 min. The
samples were centrifuged at 4000xg for 10 min at 4 °C,
and protein concentration of the supernatant was measured
by Bradford assay. The experiments were repeated 5 times
and each figure was measured 3 times for average. As
shown in Table 1, the starting concentrations of all samples
(from O to 2 min) were too low to show any difference; as
time went on, the results of AMP clay-assisted glass beads
and glass beads mill only method displayed statisti-
cally significant difference (p = 0.038). In the combined

0 2 4 6 8

AMP clay-assisted glass beads mill

10 M 0 2 4 6

glass beads mill only

method, the protein concentration increased and reached
the highest level at 4.24 mg/ml after 4 min. With the beads
mill only method, the highest protein concentration
obtained was 3.81 mg/ml at 8 min. The disruption time
assisted with AMP clay was half shorten, while the protein
concentration extracted increased by 11.2 %. As expected,
the methods using the negative control or AMP clay only
did not yield proteins at a detectable level. Similar results
were also observed when AMP clay was combined with
sonication.

The supernatant samples were diluted ten times and
checked by SDS polyacrylamide gel electrophoresis
(SDS-PAGE, Bio-Rad Mini-PROTEAN 4-gel electro-
phoresis cell, 15 % polyacrylamide gel, 120 V for 2.5 h).
As presented in Fig. 1, there was a significant increase in
protein extraction from O to 2 mg/ml at 4 min using both
the AMP clay-assisted beads mill and the beads mill
only; however, all the bands from the method using
AMP clay only were obscure. It’s interesting to find that
the amount of CCMV CP (approximate 20 kDa, boxed
bands in Fig. 1) obtained from the combined method was
much higher than that from the method using glass beads
only: 0.82 mg/ml compared to 0.73 mg/ml (calculated by
software BandScan v5.0). This indicated that AMP clay
could preserve coat protein from degradation during
disruption.

8 10 M 0 2 4 6 8 10 M kDa

AMP clay mill only

Fig. 1 Comparison of SDS-PAGE results by different cell disruption methods. Time 0, 2, 4, 6, 8, 10 min; the boxed band region was

recombinant CCMV capsid protein; M, DokDo-MARK™ Broad-range
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Fig. 2 Microscopy pictures of Pichia cell disruption by different methods. (1), (2), (3) were from AMP clay-assisted glass beads mill as time of
0, 4, and 10 min; (4), (5), (6) were from glass beads mill only as time of 0, 4, and 10 min as control

To check the influence of AMP clay on the lysis process,
oil-immersion light microscopy was introduced to assess
cell breakage and debris size using Nikon Eclipse TS100
microscope (Nikon, Japan). Samples were diluted to the
equivalent of a 1 % cell slurry solution and examined at
400x magnification. From Fig. 2, the lysate from the AMP
clay-assisted method showed a change from the initial
aggregation to small cellular debris with large and irregular
in shape. This change may be attributed to the binding of
Pichia cells with AMP clay in the solution via electrostatic
interactions. In contrast, the lysate from the glass beads
only method revealed extensive fragmentation of cells with
almost no large particles of aggregated cellular debris
visible after the disruption.

Subsequently, a modified viral capsid purification pro-
cedure based on polyethylene glycol (PEG) precipitation and
density gradient centrifugation was used to purify CCMV
VLPs (Ali and Roossinck 2007). The concentration of
purified CCMV CP by AMP clay assisted method was
0.28 mg/ml, which was a little higher compared to 0.23 mg/ml
obtained by glass beads mill only. The recovery efficiency of
target product by the combined method was 6.6 % of total
protein (4.24 mg/ml) while it was 6.1 % of total protein
(3.81 mg/ml) in the unmodified method. The purified
CCMYV VLPs were reassembled in sodium acetate buffer and
analyzed by transmission electron microscopy (TEM) with
High-Resolution Transmission Electron Microscope JEOL
JEM 3010 (Electron Microscopy Laboratory, KAIST,
Korea). CCMV CP reassembled into spherical VLPs with an
average diameter of 28 nm as observed in Fig. 3. This result
was identical to that of the control disrupted by the beads

mill, implying that the assembly of viral capsids was not
affected by AMP clay. Another recombinant GS115/pPICZ/
lacZ (Mut™) carried a fused lacZ gene was also disrupted by
both methods to check whether AMP clay would affect the
functionality of recombinant proteins in P. pastoris. Similar
enzyme activity of crude B-galactosidase was observed in
both methods. This suggested that AMP clay caused no
denaturation or side effect on enzyme activity of recombinant
proteins in P. pastoris.

As demonstrated by Lee et al. (2010), AMP clay was an
organoclay-modified derivative in the form of nanocom-
posite SigMgO,0(OH),. It was easy and inexpensive to
synthesize and the amount added here was quite little which
would not cause the increase of material cost. From the

Fig. 3 TEM picture of CCMV VLPs by AMP clay combined glass
beads mill. The spherical particles showed an average diameter of
28 nm
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parent structure, AMP clay possesses hydrophilic and pro-
tonated groups (R-NH,) which create a number of binding
sites for ion exchange within the interlayer spaces and serve
as surface groups on the lamella (Holmstrom et al. 2007). The
interaction between AMP clay and the negatively charged
layer of glucan, chitin and mannoproteins destroyed the
rigidity of cell wall, encouraged cell wall leakage and
increased permeability, which ultimately lead to cell lysis.
Under the high shear stress resulting from the collision
between cells and glass beads in vigorous agitation, the
addition of AMP clay may enhance the lysis process signifi-
cantly. Considering the higher yield of CCMV CP and well-
assembled VLPs, the spaces between the clay sheets may
shelter the proteins extracted from the cytoplasm in the buffer
and preserve them from degradation caused by glass beads.
In conclusion, a modified AMP clay-assisted glass beads
mill was provided for Pichia cell disruption at the laboratory
scale without cost increase. The treatment time was shortened
by half, while the yield of extracted proteins was 11.2 %
higher. The stability of CCMV VLPs demonstrated this
method to be a simple and reliable method for yeast cell lysis.
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Abstract—Viruses naturally exhibit an incredible variety of sophisticated nanostructures, which makes them ideal
biological building blocks for nanoengineered material research. By mimicking their spontaneous assembly process,
tremendous advances have been made towards utilizing virus and virus-like particles (VLPs) as protein cages, scaffolds,
and templates for nanomaterials in the last few years. This review outlines recent progress in the field of bionanotech-
nology in which viruses are introduced to encapsulate various functional cargoes in a precise and controlled fashion.
The encapsulation mechanisms are summarized into three main strategies: electrostatic interaction, chemical conjuga-
tion, and covalent attachment by genetic manipulation. The combination with chemical modification and genetic engin-
eering heralds a brilliant future for fabrication of functional nanomaterials. These well-defined architectures will find
attractive applications in biosensing, drug delivery, enzyme confinement, light-harvesting system, and pharmaceutical

therapy.

Key words: Virus, Virus-like Particles (VLPs), Encapsulation, Nanomaterials, Drug Delivery

INTRODUCTION

Bionanotechnology, or nanobiotechnology, has become a rapidly
developing area of science research for its tremendous applications
[1]. Biological materials that display an astonishing variety of highly
sophisticated architectures are appropriate nanostructures for new
material development. Their prescribed shape together with the chem-
ical and physical functionality provides huge advantages over other
inorganic and organic substances [2]. Since the last decade, self-
assembled natural protein complexes, such as viruses and virus-
based nanoparticles (VNPs), ferritins [3], small heat shock protein
[4], and enzyme complexes [5], have been employed as building
blocks and templates in bionanotechnology. These bionanoparticles
(BNPs) can form robust biosynthetic machineries while still being
capable of modification by genetic and chemical approaches.

Viruses and noninfectious virus-like particles (VLPs) exhibit the
characteristics of ideal building blocks for their exquisite symmetry,
uniformity of size and shape, and precise assembly of hundreds of
molecules into highly organized scaffolds [6]. They can undergo a
reversible disassembly/reassembly process iz vivo and in vitro. Chem-
ical and genetic manipulations on the surface of viral protein cages
confer unique properties to VLPs as programmable scaffolds in bio-
nanotechnology [7]. The enclosed space in the interior of VLPs can
encapsulate and release various functional moieties. Due to the well-
defined structure and self-assembling system, a large number of
VLPs have been elaborated to function as constrained reaction ves-
sels, imaging agents, drug/gene delivery vehicles, and other nano-
materials. From the viewpoint of material scientists, viruses provide
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another type of widely studied biological macromolecules in nanom-
eter scale, i.e., organic nanoparticles, which are composed of nucleic
acids, capsid proteins, and sometimes envelopes [8].

Recently there have been some detailed reviews which summa-
rize the remarkable progress of viruses or protein cages in biomed-
icine and nanomaterial research [9-11]. In this review, we focus on
the encapsulation of functional materials by these viruses to illus-
trate their utilizations in nanotechnology.

VIRUS CAPSIDS

Historically studied for their effects as pathogens, viruses play a
key role in biological systems as the most abundant biological enti-
ties on earth. Viruses especially lacking genomic nucleic acid are
widely used as emerging platforms in bionanotechnology. These
viruses exhibit a distinctive diversity of shapes and sizes, from simple
helical and icosahedral forms to more complex structures, ranging
between 20 and 750 nanometers. In this part various viruses and
VLPs that have been studied in the field of nanotechnology will be
presented (Fig. 1).

Icosahedral virus particles are nearly spherical and exhibit icosa-
hedral symmetry in their arrangement [12]. The icosahedron is com-
posed of equilateral triangles fused together into a closed shell, which
generally has 20 facets and 12 vertices formed by one or several
identical coat protein (CP) subunits (known as capsomers). The spher-
ical lattices are collections of two-, three-, and fivefold rotation axes
(5:3:2 symmetry). The protein shell usually assembles from 60-
and 180-comma structures of pentamers and hexamers. The quasi-
equivalence principle of protein subunits and their three-dimensional
arrangement is illustrated by the triangulation (7) number, which
was originally proposed by Caspar and Klug in 1962 [13]. Icosa-
hedral viruses can self-assemble spontaneously into capsids with
diameter about 20-80 nm, and the size of capsids depends on the
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Fig. 1. Structures of virus particles used for nanotechnology. (a) Brome mosaic virus (BMYV), 27 nm in diameter; (b) cowpea chlorotic
mottle virus (CCMYV), 28 nm in diameter; (c) turnip yellow mosaic virus (TYMYV), 30 nm in diameter; (d) red clover necrotic mosaic
virus (RCNMYV), 36 nm in diameter; (e) bacteriophage P22, 58 nm in diameter; (f) bacteriophage MS2, 26 nm in diameter; (g)
simian virus 40, 25 nm in diameter; (h) tobacco mosaic virus (TMV), 18 nm in diameter and variable in length; (i) top view of
TMY. Structures (a)-(g) were obtained from the VIPER, URL: http://www.viperdb.scripps.edu/; TMV image by Jean-Yves Sgro,

U. Wisconsin.

size and number of capsomers. The interior cavity of these cages
offers the capacity to package genomic materials or encapsulate
other particles.

Helical viruses are comprised of a single type of capsomer stacked
around a central axis to form a helical structure, which results in a
central cavity or hollow tube [12]. These viral helix arrangements
are rod-shaped or filamentous, being either short and highly rigid
or long and very flexible. The genetic material is enmeshed by the
protein helix through interactions between the negatively charged
nucleic acid and positive charged protein [14]. Helical particles are
typically about 15-30 nm in diameter, and their lengths may range
from 300 to 500 nm depending on the genome size.

Complex viruses usually have a combination of icosahedral and
helical shape and contain extra appendages such as protein tails and/
or complex exterior surfaces [12]. The head-tail structure compris-
ing an icosahedral head bound to a helical tail is unique to bacte-
riophages that only infect bacteria. The poxvirus is one of the largest
viruses and has a complex structure with an outer envelope with a
thick layer of protein studded over its surface [15].

1. CCMV

Cowpea chlorotic mottle virus (CCMYV) is a model plant virus
belonging to the Bromovirus group of Bromoviradea family [16].
The capsid consists of 180 copies of a single protein (20 kDa, 190
amino acids) that form an icosahedral shell with an outer diameter
of 28 nm and an inner diameter of 18 nm (7=3 symmetry). The
quaternary structure of CCMV displays 32 prominent capsomers:

July, 2013

12 pentamers and 20 hexamers. CCMV was the first icosahedral virus
to be reassembled i vitro into an infectious particle from wild-type
purified components, i.e., the coat protein and genome RNA. The
most profound property of CCMYV is that the viral capsid can undergo
a reversible structural transition depending on pH and ionic strength.
The capsid expands into a radially swollen state around 10% when
pH increases from 5.0 to 6.5 under low ionic strength (/<0.1 M).
The swelling capsid with 60 separate open pores of 2-nm diameter
permits ions to diffuse freely into and out of the cavity. The capsid
then disassembiles into protein dimers and RNA under high pH (above
7) and ionic strength (/~1 M). After removal of RNA and with a
change in pH, the purified coat protein subunits will easily self-as-
semble and reform the capsids as shown in Fig. 2 [17]. This charac-
teristic provides a unique molecular gating mechanism for entrapment
of organic or inorganic materials and release of entrapped materials.

The high yield of CCMV capsid from natural infected leaf tissue
(ca. 1-2 mg/g) capsid makes it suitable for the development of viral-
based protein cage. Furthermore, heterologous expression of the coat
protein in Escherichia coli, Pseudomonas fluorescens, and Pichia
pastoris allows genetic alteration by site-directed mutagenesis. The
wild and mutant-type of CCMV capsids are tolerant of high tem-
peratures and various pH's, stable in organic solvents (e.g., DMSO),
and nonpathogenic for mammals. These conspicuous properties en-
hance a wide range of chemical modification onto the capsid. The
surface exposed amine (lysine), carboxylate (glutamate and aspar-
tate), and thiol (cysteine) residues are accessible for attachment with
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P

Fig. 2. Schematic representation of CCMYV structure transition. With pH increasing from 5.0 to 6.5 under low ionic strength (/<0.1 M),
CCMY capsid expands into a swollen state; when pH is increased to 7.5 under high ionic strength (I~1 M), the capsid disassembles
into protein dimers and viral RNA. With/without the removal of RNA and pH lowering to 5.0, the protein dimers can be reassembled

into empty/intact capsid.

65°C

=

10 min

Fig. 3. Schematic representation of P22 structure transformation in three unique forms: (a) empty procapsid shell (ES) with a diameter of
58 nm; (b) mature capsid with a diameter of 64 nm after heating at 65 °C for 10 min; (c) wiffle-ball capsid (WB) after heating at

75 °C over 20 min.

specific ligands and small peptides via chemical interactions [16].
CCMV has feasible applications in biosensors, nanoelectric devices,
and drug targeting and delivery.
2. Bacteriophage MS2

Bacteriophage MS2 is an icosahedral virus with an average diam-
eter of 27 nm that infects E. coli. It contains one copy of matura-
tion protein responsible for bacterial infection and 180 copies of
coat protein (organized as 90 dimers) arranged into the phage head
[18]. MS2 exhibits impressive stability to a broad range of temper-
ature, pH, ionic strength, and organic solvent conditions. The coat
protein can be propagated in multi-milligram quantities in bacteria by
recombinant methods and afterwards be assembled to form empty
VLPs. Genetically modified forms of MS2 are available for vaccine
development and clinical diagnosis. Interestingly, MS2 also possesses
32 pores per capsid, each approximately 1.8 nm in diameter, which
provides ready access to the interior space of moderately sized parti-
cles and reagents such as functionalized drug molecules for covalent
attachment.
3. Bacteriophage P22

Salmonella typhimuriam bacteriophage P22 is an icosahedral virus
assembled from 420 copies of coat protein with the assistance of
approximately 300 copies of scaffolding protein (SP) [19]. The P22
capsid undergoes a structural transformation from the 58 nm empty
procapsid shell (ES) to the mature capsid of 64 nm diameter (7=7)
which is initiated by DNA packaging. The transformation can be
mimicked i vitro by gentle heating (65 °C for 10 min). Further heat-
ing (75 °C over 20 min) produces a new form of wiffle-ball (WB)
which has a 10 nm pore at each of the 12 icosahedral vertices caused

by the release of subunits from the mature capsid (Fig. 3) [20]. The
large pores of WB ensure free molecular exchange between the inte-
rior and exterior environments of the capsid. This unique characteris-
tic makes the P22 capsid become a remarkable dynamic nanoplatform
for synthetic utilization.
4. RCNMV

Red clover necrotic mosaic virus (RCNMYV) is an icosahedral
soil-transmitted virus with a diameter of 36 nm (7=3). The capsid
of RCNMV is comprised of 180 copies of a 37 kDa coat protein
packaging ssSRNA [21]. The capsid has been demonstrated as a versa-
tile container to entrap various nanoparticles in the diameter range
3-15 nm using RNA-dependent packaging based on the origin of
assembly of RCNMV. Cryo-electron microscopy provides a molec-
ular-level description of the mechanism whereby the RCNMYV capsid
undergoes a reversible opening and closure of pores at the pseudo-
3-fold axes under control of divalent cations (Ca*" and Mg*"). Fluo-
rescent dye and drug molecules have been incorporated into the
interior cavity of RCNMV.
5. TMV

Tobacco mosaic virus (TMV), also known as tobamovirus, is a
helical plant virus with a length of 300 nm and diameter of 18 nm.
Its capsid is made from 2130 copies of coat protein arranged around
the viral RNA [22]. The rod-like spiraling structure (16.3 proteins
per helix turn) shows a distinct inner channel of 4 nm. Purified TMV
coat protein undergoes a reversible states shift from micron-length
rods in acetate buffer (pH 5.5) to double disks in phosphate buffer
(pH 7.0). The internal and external surfaces of TMV capsid consist
of repeated patterns of charged amino acid residues such as ghitamate,

Korean J. Chem. Eng.(Vol. 30, No. 7)
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aspartate, arginine, and lysine that are viable for chemical ligation
and bioconjugation [23]. TMV can be purified from infected tobacco
plants in kilogram quantities. The particle is remarkably robust in
vitro, remaining intact at temperatures up to 80 °C and pH values
between 2 and 10. The assembled capsids have been used as tem-
plates to grow metal or metal oxide nanowires and coated conduc-
tive nanowires. TMV based materials offer a wide variety in the
field of nanoelectronics, energy storage, and light harvesting.

MECHANISM OF ENCAPSULATION

The genomic RNA or DNA of virus is generally packaged within
the capsid through a simple assembly and disassembly process in
vivo. Scientists have discovered that a variety of phages, plant, and
animal viruses can be assembled i vitro from their molecular com-
ponents: proteins, nucleic acid, and sometimes lipids. Bancroft et
al. first revealed the electrostatic interaction as the driving force for
efficient packaging and assembly by encapsulation of polyanions
instead of sSRNA inside icosahedral viruses [24]. The thermody-
namic force during the assembly may include both specific and non-
specific interactions between the capsid and the genome, and there
is no net delimitation to define these two mechanisms. The coat
protein subunits themselves can spontaneously assemble into non-
infectious VLPs under proper pH and ionic strength. From the view-
point of material science, the highly uniform VLPs can be regarded
as organic nanoparticles. The principle regulating the encapsidation
of the genetic materials can also be utilized to load functional car-
goes. The encapsulation occurs simply by mixing the protein sub-
units with cargo particles at specific ionic strength, temperature, and
pH ranges. There have been numerous explorations in this respect,
using viruses such as CCMV, brome mosaic virus (BMV), cucumber
mosaic virus (CMV), RCNMYV, hibiscus chlorotic ringspot virus
(HCRSV) [25], simian virus 40 (SV40) [26], and bacteriophage
MS2 (summarized in Table 1). The packaged functional cargoes
include polymers, enzymes, liquid droplets, nucleic-acid function-
alized particles, and even ligand-coated particles [27]. According
to the encapsulation mechanisms, there are three main strategies,

Table 1. Summary of viral capsids used for the encapsulation study
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Fig. 4. Schematic diagram of encapsulation of foreign cargoes by
viral capsids driven by electrostatic interaction. The nega-
tively charged materials can act as the compressing genetic
core to promote the assembly of a virus-like capsid as the
natural type.

which will be discussed as follows.
1. Electrostatic Interaction

The first strategy is to encapsulate the negatively charged spe-
cies driven by electrostatic interaction (Fig. 4). The foreign mate-
rial, for example, nanoparticles functionalized with anionic moieties
or specific nucleic acid packaging signals and separated protein sub-
units, acts as the compressing genetic core to promote the assem-
bly of a virus-like capsid like the natural type [28].

Douglas and Young first demonstrated the mineralization of two
polyoxometalate species (paratungstate and decavanadate) and the
encapsulation of an anionic polymer (poly-anetholesulphonic acid)
inside CCMV capsids [29]. CCMV has been widely studied as a
prominent example by several research groups for the ability to en-
capsulate various compounds. The exterior of the particle has a neu-
tral charge, whereby the interior surface carries a high positive charge
due to the presence of nine basic residues (arginine and lysine) on
each subunit of coat protein. A straightforward way to entrap nega-
tively charged molecules inside CCMYV is to reversibly alter the
pH to induce swelling and contraction of the capsid to facilitate the
entry and sequestering of the foreign material. Nolte et al. further
exploited the entrapment by CCMV with negatively charged poly-
electrolytes including poly (styrene sulfonate) (PSS), polyferrocenyl-
silane (PFS), and poly[(2-methoxy-5-propyloxy sulfonate)-phenylene
vinylene] (MPS-PPV) [30,31]. The encapsidation can lead to mon-
odisperse or polydisperse formation of 7=1, 2, and 3 VLPs. These

Encapsulation mechanism  Viral capsids Encapsulated cargoes [Ref]
Electrostatic interaction CCMV Polyoxometalate, polyelectrolytes, enzymes [29-31,35]
™V CdS, PbS, silica, and iron oxide [32]
BMV PEGylated gold nanoparticles [33]
RCNMV Au and CoFe,O, nanoparticles, Quantum dots (Qds) [34]
Chemical conjugation ™™V The interior glutamate residues coupled by carbodiimide reaction [37]

Bacteriophage MS2  The interior tyrosine residues coupled with diazonium salt of p-nitroaniline [38]

The interior carboxyl groups coupled with the amine groups of DOX [39]
The K-coil-modified capsids interacted with E-coil-EGFP by coiled-coil linkers

The installed hexahistidine motif (His;GFP) specifically binded with nitrilotriacetic

acid-sulforhodamine (NTA-SR) by Hise-tag affinity [45]

Rotavirus VP6
Covalent attachment by CCMV
genetic manipulation [41]
JC virus
Bacteriophage P22

Cysteine residues introduced on valine 119 (V119C), lysine 110 (K110C) and lysine

118 (K118C), bioconjugated with maleimide-PEO,-biotin (MPB) [42]
Bacteriophage MS2  Cysteine residues introduced on asparagine 87 (N87C), bioconjugated with Alexa
Fluor 488 maleimide [43]
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approaches could be utilized for the encapsulation of negatively
charged drug molecules for pharmaceutical applications in future.

Interestingly, the internal mineralization of CdS, PbS, silica, and
iron oxide using TMV capsids, which led to the template-directed
synthesis of inorganic-organic nanotubes, was also achieved [32].
The inner surface of TMV showed a high spatial density of glutamic
acid residues, suggesting that nucleation within the 4 nm wide inner
channel might have been expected under these conditions. The virus-
based hybrid nanomaterials hold promise for development as plat-
forms for the creation of hybrid materials with engineering appli-
cations such as nanowires and catalysts.

Dragnea et al. have shown that PEGylated gold nanoparticle could
act as nucleating core for the self-assembly of BMV capsid, and
the size of the formed hybrid VLPs was proportional to the size of
anionic polymer cargoes [33]. The artificial core mimicked the pro-
cess to promote the assembly of a symmetric viral protein structure
around it in the absence of genomic RNA. The nonspecic core/capsid
interactions were predominant during the assembly of forming capsid.
The encapsulation efciency depended on the nanoparticle size, with
a maximum efficiency occurring for 12 nm gold nanoparticles. The
initial CP to Au particle ratio (CP/Au) with a threshold value above
100 protein subunits per gold nanoparticle was required for a com-
plete capsid. VLPs of varying diameters were found to resemble
three classes of viral particles (7=1, 2, and 3) the same way as the
wild type of BMV: T=1 BMV capsids (60 CP) was obtained for
6 nm nanoparticle cores, while 12 nm particle cores promoted the
formation of 7=3 capsids (180 CP).

However, the encapsulation of various nanoparticles by RCNMV
was found to yield uniform sized VLPs, independent of the com-
position and sizes of cores, which ranged from 3 to 15 nm [34]. Apart
from the electrostatic interaction between coat protein and genomic
RNA, the assembly of RCNMV requires a unique hairpin struc-
ture within RNA-2 hybridized with RNA-1 to form the origin of
assembly (OAS) for selective recruitment and orientation of CP
subunits. An oligonucleotide mimic of the OAS sequence was at-
tached to Au and CoFe,O, nanoparticles and Quantum dots (Qds),
followed by addition of RNA-1 to form a synthetic OAS to initiate
VLPs assembly. Despite the different type and size of packaged
nanoparticles, the formed VLPs were homogeneous in size with
an average diameter of 32.8 nm, less than that of the native virus at
36.6 nm.

Another fascinating exploration of virus encapsidation is to incor-
porate individual horseradish peroxidase (HRP) in the inner cavity
of CCMV capsid for single enzyme studies [35]. Using the pH-de-
pendent disassembly/reassembly process, HRP was loaded and im-
mobilized in the capsid with only one or no enzyme present per
capsid. The fluorogenic substrate dihydrorhodamine 6G diffused
in the HRP-containing CCMV capsid where HRP catalyzed the
oxidation of this non-fluorescent substrate to produce rhodamine 6G
The release of fluorescent product through the pores on the capsid
was easily monitored by confocal fluorescence microscope. The
spatially confined virus capsid contributes to the understanding of
the behavior and the interactions of enzymes at the single-mole-
cule level.

2. Chemical Conjugation

The second strategy is to package the reagents or cargo molecules

by chemical conjugation with the coat protein subunit as presented
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Fig. 5. Schematic diagram of encapsulation of foreign cargoes by
viral capsids based on chemical conjugation. The cargo mol-
ecules (blue) interact with the functional groups of amino

acid residues on the interior of capsids (orange) by cova-
lent bond such as peptide (amide) bonds.

in Fig. 5. The foreign material is first transported and then seques-
tered inside the capsid by covalent bond such as peptide (amide)
bonds between the carboxylate groups of amino acid residues and
the amine groups of cargo molecules [36]. The chemically well-
defined local environment of the viral cavity provides the circum-
stance to directly synthesize inside the capsid.

Francis et al. used rod-shaped TMV capsid as a robust and prac-
tical scaffold for the preparation of nanoscale materials [37]. Both
the exterior and the interior surface of the virus were attached with
new functionality strategies separately. As for the inner cavity of
TMYV, the modification strategy focused on glutamate residues as
targets for amide bond by a carbodiimide coupling reaction with 1-
ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC). Glu 97 ex-
posed on the core surface was identified as the primary site of modifi-
cation and Glu 106 was also found with appreciable reactivity, while
there was no modification of exterior aspartic acids and carboxy
terminus observed. After disassembly/reassembly process the inter-
nally modified TMV conjugates revealed rod-shape structures that
were virtually identical to the native capsids. Importantly the interior
surface could also be doubly modified by rhodamine derivative con-
Jugation with azo-modified capsids, yielding ~650 internal chro-
mophores per 300 nm rod. This method positioned the new func-
tional groups as closely as 1 nm apart on the inside of TMV capsid.
Different functional groups were eventually installed on the exte-
rior and interior surfaces of the same capsid assemblies.

Bacteriophage MS2 was also modified using same covalent strat-
egy to load drug molecules and imaging agents. The tyrosine 85
residue located on the interior face of each monomer after capsid
assembly could be functionalized by a rapid and efficient coupling
with the diazonium salt of p-nitroaniline. 50-70 copies of a fluores-
cent dye (5-amino-N-(2-[FAM-amido]-ethyl)-2-nitrobenzamide) were
installed to the phenolic moiety of the tyrosine through the ortho
azo linkage to serve as visualization probes for subsequent cell-based
assays. After decoration of the exterior surface with PEG chains,
biotin groups were then placed at the distal ends of the polymer chains
to bind with streptavidin. Despite all these high levels of modifica-
tion, MS2 capsids remained in the assembled state [38]. This mod-
ular strategy was developed to attach small targeting molecules on
virus capsids for the potential therapeutic delivery.

More recently, the self-assembled rotavirus (RV) VLPs by the
major viral protein VP6 were chemically conjugated with an anti-
cancer drug doxorubicin (DOX) [39]. The formation of amide bond
between the carboxyl group of VP6 and the amine group of DOX
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was achieved in the presence of EDC and N-hydroxysuccinimide
(NHS). There are six carboxylate groups on each VP6 subunit ex-
posed on the exterior surface and seven carboxylate groups on the
interior surface. For the DOX-loaded VLPs (DVLPs) it was esti-
mated that about 12 DOX molecules were bound to each VP6 pro-
tein, meaning that most carboxylate groups on both surfaces were
chemically occupied. DVLPs were further linked by lactobionic
acid (LA) as target for hepatocytes or hepatoma cells bearing asia-
loglycoprotein receptors (ASGPRs). LA-modified DVLPs (DVL-
PLAs) showed specific immunofluorescence in HepG2 cells i vitro.
The release of DOX from DVLPLASs was simulated under lysoso-
mal conditions, and there was little release without protease in pres-
ence. This indicated it was suitable for transportation in the blood-
stream (pH close to 7.4). The chemically functionalized VLPs may
find practical applications in biomedicine.

3. Covalent Attachment by Genetic Manipulation

The third strategy is to integrate the cargo molecules based on
covalent attachment with the site-specific residues on the capsid pro-
tein which is engineered through genetic manipulation (Fig. 6). The
gene modification of coat protein results in the alteration of the amino
acid residues displayed on the interior of the virus cage and even
the charge change of the interior surface, which then offers func-
tional versatility amenable to the chemical coupling with target pep-
tides or other cargoes [40].

Making use of heterodimeric coiled-coil linkers, Cornelissen et
al. reconstructed the interior cage of CCMV and encapsulated posi-
tively charged proteins inside it [41]. The K-coil (KIAALKE), with
positively charged lysine was introduced at the N-terminus of CCMV
CP and E-coil (EIAALEK); with negatively charged glutamic acid at
the C-terminus of the enhanced green fluorescent protein (EGFP) and
the modified proteins were expressed in E. coli, respectively. Specific
heterodimerization between K-coil and E-coil led to the formation
of EGFP-CP complex. After the assembly of EGFP-CP complex
with wild-type CP, EGFP-filled capsids were obtained. Depending
on the concentration and ratio of EGFP-CP/wt CP, up to 15 EGFP
proteins were encapsulated per capsid. This provides a brand new
approach of modification on virus capsids by gene manipulation.

Bacteriophage P22 is another virus that has been genetically manip-
ulated to enhance the ability to package programmed cargoes [42].
Three residues of coat protein located on the interior surface were
genetically substituted with cysteine residues: valine 119 (V119C)
in the middle of the hydrophobic face, lysine 110 (K110C) in the
middle of the hydrophilic face, and lysine 118 at the helical border
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Fig. 6. Schematic diagram of encapsulation of foreign cargoes by
viral capsids through genetic manipulation. The additional
motifs (red) can be introduced inside virus cages by gene
modification, which are amenable to cargo molecules (blue)
by specific chemical coupling.
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(K118C). Maleimide-PEO,-biotin (MPB), with a thiol reactive male-
imide on one end and a biotin affinity tag to recruit reacting partners
of streptavidin (StAv) on the other end, was site-specifically attached
with the two morphological types (procapsid shell, ES form and
wiffle-ball, WB form) of three mutants. Neither form of V119C
was labeled with MPB, suggesting that C119 is not available in either
form. While almost all subunits of K110C were labeled with MPB
in ES form and completely blocked in WB form, indicating that
C110 is only accessible in ES form. Only 35% of subunits of K118C
in ES were labeled with MPB, whereas all the subunits were labeled
in WB, showing that the partially exposed C118 becomes fully ex-
posed to the interior surface during structural transformation from
ES to WB.

Bacteriophage MS2 also presents a readily available scaffold for
the construction of targeted delivery agents by genetic modification
[43]. Wild type MS2 contains two native cysteines on the interior
surface which are inaccessible under normal maleimide bioconjugation
conditions. Therefore, a cysteine residue was introduced at asparagine
87 (N87C) of the coat protein. The mutation provided 180 sulthy-
dryl groups on the interior surface for cargo installation. Through
the cysteine alkylation reaction, Alexa Fluor 488 maleimide was
encapsulated as fluorescent label. 20-40 copies of 41-nucleotide
DNA aptamers that target protein tyrosine kinase 7 (PTK7) receptor
on Jurkat T cells were then installed on the outer surface of MS2
shell. The capsids bearing the cell-targeting sequence showed sig-
nificant binding to Jurkat cells. These suggested that aptamer-labeled
capsids could be used as convenient and evolvable targeting groups
for drug delivery.

APPLICATIONS

1. Drug Delivery
With excellent biocompatibility and biodegradability, there are
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Fig. 7. Schematic representation of TMV-based siRNA formation
for gene delivery.
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various potential applications of functional self-assembled virus-
based materials. Bentley’s team has successfully utilized the hollow
capsid of TMV as an RNAI carrier for gene delivery into mamma-
lian and insect cells (Fig. 7) [44]. RNA interference (RNAi), which
is a process in which RNA molecules reduce gene expression by
causing the destruction of specific mRNA molecules, usually involves
two small RNA molecules: microRNA (miRNA) and small inter-
fering RNA (siRNA). There is an OAS within TMV genomic RNA
which forms a unique hairpin structure and associates with coat pro-
tein to initiate the assembly. By incorporating TMV OAS into a
siRNA which can program cells to destroy disease-causing pro-
teins, the siRNA could assemble into “pseudo-virions” with coat
protein. To deliver the siRNA to the targeted cells, pseudo virions
are further modified with synthetic cell-penetrating peptides to facil-
itate cell endocytosis. The results showed pseudo virions targeting
cyclin E (antisense cycE) were capable of arresting cells at G1 phase.
TMYV can be traced in the blood of most people from second-hand
smoke and does not seem to cause irritation or obvious immune-
system problems. This TMV-based siRNA packaging system pro-
tects the frail siRNA from degradation and provides a means of de-
livering RNAI constructs into various host cells. Through changing
the types of siRNA, multiple diseases from cancers to genetic disor-
ders could be targeted and treated by this therapeutic agent in the
future.

A pH-dependent drug release system has been developed based on
the JC virus, a type of human polyomavirus, by Ijiro et al. [45]. Green
fluorescence protein with N-terminal hexahistidine motif (His,GFP)
was fused to the N-terminus of the inner core protein VP2 (His,GFP-
VP2) and co-expressed with the major coat protein VP1 in E. coli.
VP1 and His,GFP-VP2 associated with each other and formed
His,GFP-incorporated VLPs (His,GFP-VLPs) with a diameter of
52.4+7.1 nm. Nitrilotriacetic acid-sulforhodamine (NTA-SR), con-
taining both a His.-tag-targeting NTA segment and a fluorescent
sulforhodamine segment, could be encapsulated within His,GFP-
VLPs through the 1 nm holes at pH 7.4 and bind specifically to the
His, tags. NTA was then released from the His;GFP-VLPs at pH
5.0 due to a decrease in His-tag affinity, which has similar pH to
the endosome and the lysosome. The process resulted in saturation
of release within 20 min. The controlled release of GFP was further
examined using NIH3T3 cells. In this system, VP2 acted as an anchor-
ing unit for the protonation of histidines, which could offer specific
and reversible attachment of drug molecules. The feasibility of the
encapsulation-release system can be used as a cell-specific drug
delivery vehicle.

2. Enzyme Nanocontainer

The virus capsid provides a well-defined structure to encapsi-
date the enzyme in a spatially confined way to observe the catalytic
activity even in single-molecule level. The entrapment of enzymes in
virus capsids has been done in CCMV, MS2, et al. A precise num-
ber of enzyme Pseudozyma antarctica lipase B (PalB) loaded into
CCMV capsid were accomplished based on a coiled-coil linker de-
scribed in Section 3.3 and EGFP was co-encapsulated as a non-
catalytic protein to investigate the reaction rate [46]. The apparent
overall reaction rate increased upon encapsulation and was almost
independent of the number of enzymes in the capsid. The encapsu-
lated PalB seemed to have a higher activity than non-encapsulated
PalB. It was more likely caused by extremely high confinement

molarity (M,,,,=~1 mM) of the enzyme combined with an increased
collision chance due to the spatial confinement leading to very rapid
formation of the enzyme-substrate complex. These results highlight
the importance of small volumes for efcient multi-enzyme cascade
catalysis.

The RNA-removed MS2 capsids were also used to encapsulate
E. coli alkaline phosphatase (PhoA) [47]. To increase the yield of
encapsulation, PhoA was tagged with a 16 acidic peptide at C-termi-
nus (PhoA-neg); trimethyl amine N-oxide (TMAO) was added as
an osmolyte to decrease protein unfolding and increase the thermal
stability. After incubation of PhoA-neg with disassembled coat pro-
tein dimers under presence of TMAO, intact capsids with the diam-
eter of 27 nm were observed. About 1.6 PhoA-neg dimers were
packaged per capsid. Enzyme assay was monitored by the hydrolysis
of 4-methylumbelliferyl phosphate to yield fluorescent 4-methylum-
belliferone. The value of K, was equal to that of the free enzyme
dimer and the K., was slightly reduced when the enzyme was encap-
sulated, possibly due to the constrained enzyme environment. This
method provides a practical and potentially scalable way of study-
ing the complex effects of encapsulating enzymes in protein-based
compartments.
3. In Vivo Imaging

Near infrared (NIR) fluorescence imaging based upon virus capsids
is particularly advantageous in optical imaging and therapy of dis-
ease. Indocyanine green (ICG), an FDA-approved NIR chromophore,
was encapsulated into BMV for the utilization of mammalian intrac-
ellular optical imaging [48]. Instead of genomic RNA, the nega-
tively charged ICG interacted with the positively charged arginine-
rich motif in the N-terminus of BMV CP subunits to assemble into
optical viral ghosts (OVGs). The mean diameter of OVGs was ~24.3
nm in 7=1 symmetry. OVGs maintained stable at the absorption
spectrum of ICG in the 600-900-nm NIR range and reduced by ~15%
for 3 h at 37 °C. Human bronchial epithelial (HBE) cells were used
to detect the intracellular optical imaging of OVGs, with the result
that OVGs were internalized and localized at more than 90% of
the HBE cells after 3 h. These constructs may serve as a poten-
tially nontoxic and multifunctional nanoplatform for site-specific
deep-tissue optical imaging and therapy of disease.
4. Light-harvesting System

A virus-based approach has been developed as light-harvesting
systems through self-assembly. Recombinant TMV CP monomers
with a reactive cysteine residue were constructed for the thiol-reactive
chromophore attachment [49]. Three chromophores were installed
on the interior surface of TMV including Oregon Green 488 male-
imide as the primary donor, tetramethylrhodamine maleimide as an
intermediate donor, and Alexa Fluor 594 maleimide as the acceptor.
The conjugated TMV VLPs could be assembled into stacks of disks
or rods under different buffers. Under both morphologies, there was
efficient energy transfer (over 90% overall efficiency) observed using
fluorescence spectroscopy, from numbers of donor chromophores
to a single acceptor. Later, multiple porphyrin arrays were accom-
plished similarly in TMV, in which Zn-porphyrin (ZnP) was coor-
dinated as donor and free-base porphyrin (FbP) as acceptor [50].
The photophysical properties of the arrayed porphyrins in the TMV
assemblies were examined by time-resolved fluorescence spectros-
copy, and the energy transfer rates were determined to be 3.1-6.4%
10°s™'. CCMV capsids were also employed to package and syn-
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thesize TiO, nanoparticles, which showed similar structure to nanoc-
rystalline anatase and photocatalytic activity [51]. This highly tunable
method has emerged for the construction of photovoltaic devices.

CONCLUSION AND OUTLOOK

The ability to precisely encapsulate components into virus capsids
by self-assembly, chemical conjugation, or genetic manipulation has
inspired the creation of complex systems with novel functions. How-
ever, we should not just focus on one side of the coin. Today there
are two main trends in the fabrication of modified virus capsids for
nanotechnology: surface modification and encapsulation [52]. The
selective chemical derivatization of viral exterior surface that allows
the attachment of fluorescent dyes, gold clusters, and specific moi-
eties has been demonstrated permissible in myriad viruses, e.g., cow-
pea mottle virus (CPMV) was exploited as addressable nanoblocks
which can be imbued with a variety of chemical and physical proper-
ties [53].

As mentioned, the combination of two methods turns out to be
more delicate and efficient for practical utilization. The chemical
addressability of exterior and interior surfaces of virus capsids by
covalent bioconjugation such as diazonium coupling and Cu(I)-cata-
lyzed azide-alkyne cycloaddition (CuAAC) reaction [54] provides
a diversity of functional moieties of versatile repertory. These dual
modified VLPs can specifically recognize certain types of cells, attach
with corresponding receptors, and deliver the packaged cargoes into
the endosome.

Furthermore, quite a few plant viruses such as CCMV, CPMV,
TMYV, and rodlike phages have been shown to be noninfectious to
humans and mammals in general, and will not induce obvious toxic-
ity and immune response in human beings [55]. These will be quite
promising nanocarriers with some issues concerning the toxicity
and immunology to be fully evaluated. Virus particles have pre-
sented distinguished stability and flexibility for pharmaceutical appli-
cation, biomaterial fabrication, and photovoltaic construction. More
light will be cast upon these elegant and elaborate creations in the
future.

ABBREVIATIONS

BMYV : brome mosaic virus

BNPs : bionanoparticles

CCMV : cowpea chlorotic mottle virus

CMV': cucumber mosaic virus

CP : coat protein

CPMV : cowpea mottle virus

CuAAC : Cu(I)-catalyzed azide-alkyne cycloaddition
DOX : doxorubicin

EDC : 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide
EGFP : enhanced green fluorescent protein

ES :empty procapsid shell

FbP : free-base porphyrin

HBE : human bronchial epithelial

HCRSV : hibiscus chlorotic ringspot virus

HRP : horseradish peroxidase

ICG :indocyanine green

LA :lactobionic acid
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miRNA : microRNA

MPB : maleimide-PEO,-biotin

MPS-PPV : poly[(2-methoxy-5-propyloxy sulfonate)-phenylene
vinylene]

NHS : N-hydroxysuccinimide

NIR : near infrared

NTA-SR : nitrilotriacetic acid-sulforhodamine

OAS : origin of assembly

OVGs : optical viral ghosts

PalB : Pseudozyma antarctica lipase B

PFS : polyferrocenylsilane

PhoA: E. coli alkaline phosphatase

PSS : polystyrene sulfonate

PTKY7 : protein tyrosine kinase 7

Qds : Quantum dots

RCNMV : red clover necrotic mosaic virus

RNAI : RNA interference

RV :rotavirus

siRNA : small interfering RNA

SP  : scaffolding protein

StAv : streptavidin

SV40: simian virus 40

TMAO : trimethyl amine N-oxide

TMV : tobacco mosaic virus

VLPs : virus-like particles

VNPs : virus-based nanoparticles

VP :viral protein

WB : wiffle-ball

ZnP : Zn-porphyrin
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