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Chapter 1

General Introduction

Nature uses bottom-up approaches for the controlled assembly of highly-ordered
hierarchical structures with defined functionality, from DNA, proteins and
membranes to more complex organelles, molecular motors and trans-membrane
pumps.! The field of bionanotechnology draws inspiration from nature by utilizing
biomolecular building blocks for the (self-)assembly of new structures, devices and
systems for applications in biomedicine,? optics or electronics.> 4 However, the
ability to gain precise control on the nanometer scale over their assembly,
monodispersity, size and morphology still remains a significant challenge.>

Amongst the toolbox of available building blocks, viruses and virus-like particles
(VLPs) have emerged as promising candidates for applications in nanotechnology.¢
7 The outer shell of virus-like particles is typically composed of multiple copies of
identical virus coat proteins and their self-assembly is often induced by
electrostatic interactions between the virus coat protein and its molecular cargo.

The aim of this thesis is to explore and understand the interplay between the
self-assembly of Cowpea Chlorotic Mottle Virus (CCMV) with templates of
functional materials. The ability to tune and control the self-assembly of viruses
into well-defined structures is essential for the fabrication of new devices with
enhanced properties.

Chapter 2 provides an overview of the different protein and non-protein based
compartments currently reported in the literature. Particular attention is given to
virus-based assemblies. The different functional materials and templates used for
encapsulation into virus-like assemblies are described, together with their
potential applications in the future.

In Chapter 3, two different strategies for the encapsulation of zinc
phthalocyanines (ZnPcs) inside CCMV capsids are presented. Light-absorbing Pcs
have been used for applications in photodynamic therapy (PDT). The superior
light-absorbing properties of ZnPcs combined with the biocompatible nature of
virus-based assemblies led to a significant improvement in PDT-induced cell-death
upon irradiation, demonstrating their potential applications in biomedicine.
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In Chapter 4 the encapsulation of a two-component enzyme pathway in CCMV is
described. Detailed kinetic studies were performed to study the influence of
molecular confinement on enzyme efficiency. Here, CCMV was used as a model
system to understand and mimic the confined environment inside biological
compartments, (ie. eukaryotic organelles and prokaryotic protein-based
microcompartments).

Chapter 5 describes an investigation of the encapsulation of a conjugated
polyelectrolyte poly[(2-methoxy-5-propyloxy sulfonate)-phenyl-ene vinylene]
(MPS-PPV) and the influence of the rigid polymer with different chain lengths
towards the assembly of CCMV capsids. Furthermore, the effects of encapsulation,
in particular the ability of the capsid shell to shield molecular cargo from the
surrounding environment are reported.

In Chapter 6, the encapsulation of a stimuli-responsive self-immolative polymer
(SIP) in CCMV is reported. The triggered release of smaller oligomer or monomer
units from the capsid interior upon photo-irradiation is studied and described in
detail and the consequences of cargo release from capsid assemblies are also
investigated and detailed.

Due to their superior luminescent and self-assembly properties, platinum(II)
complexes have gained significant attention in recent years. In Chapter 7, two
different Pt(II) complexes were used to direct the self-assembly of CCMV into well-
defined rod-like and spherical structures. In both cases, the transition between
rod-like and spherical assemblies could be controlled depending on the
concentration and equilibration time. Here, the unique combination of highly
luminescent Pt(Il) assemblies encased in a protective protein shell opens up new
possibilities for applications in biomolecular imaging and molecular optics.
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Chapter 2

Confining Functional Materials in
Protein-Based Assemblies

Inspired by Nature, the self-assembly of highly ordered structures,
architectures and systems, using simple molecular building blocks has been of
increasing interest and importance for applications in nanotechnology. At the
interface of chemistry, biology and engineering, there are increasing efforts
to understand and control the self-assembly and self-organization of
molecules on the nanometer scale. In recent years, proteins and other
biomolecules that can reversibly assemble into highly symmetrical,
monodisperse structures have proven to be extremely useful as molecular
building blocks for the assembly of molecular wires, nanocompartments and
nanomachines. This chapter provides a detailed overview of the different
types of protein-based compartments currently used for applications in
nanotechnology, and where known, the assembly and disassembly properties
are described. Following the overview, this chapter focuses on the use of
virus-based assemblies, particularly the Cowpea Chlorotic Mottle Virus
(CCMV), their potential applications and what the future may hold for such
protein cages in nanotechnology.

This chapter has been submitted:
M. Brasch, M. S. T. Koay, ].]. L. M. Cornelissen; Synthetic Biology; Volume; 2013
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2.1 Introduction

In Nature, the eukaryotic cell contains multiple membrane-bound organelles that
separate their internal contents from the external surroundings. These organelles
allow multiple biological pathways to occur simultaneously without interfering or
inhibiting each other.! The ability of cells to regulate biological pathways with
precise temporal and spatial control has been a constant source of inspiration for
scientists. Over the past years, there has been growing interest in designing and
mimicking the interior of a living cell, more specifically the packaging of proteins
and enzymes into sub-cellular compartments, using biosynthetic building blocks.
In particular, the development of compartments that can confine and store
molecules (similar to peroxisomes in Nature), or that can perform enzymatic
reactions (similar to mitochondria) are highly interesting. The design and
implementation of a synthetic system of a complexity comparable to a living cell,
still remains a great challenge.

Although DNA, peptides, lipids and proteins have been explored extensively as
templates and scaffolds, the development of complex systems still requires the
understanding of how Nature uses these molecules to assemble highly organized
cellular compartments in living cells. Here, an overview of the different biological
compartments found in Nature and their loading with non-natural and natural
cargos is presented. More specifically, the first part focuses on different
compartments originating from protein cages, bacterial microcompartments
(BMCs) to bacteriophages and virus-based assemblies. The second part focuses
first on the use of different templates to achieve different shapes and morphologies
of the protein-based compartments, followed by examples where the protein
compartment influences the properties of the template.

2.2 Non-protein based compartments

The main building blocks of organelles are lipids, which spontaneously
self-assemble into bilayered vesicles of 10 - 100 nm in diameter.* Synthetic
compartments have been studied based on this class of amphiphilic molecules. The
detailed discussion of lipid-based assemblies is beyond the scope of this chapter. In
water, lipids forms aggregates whereby the hydrophilic head groups of the
single-chain amphiphiles are directed towards the outer surface and the
hydrophobic tail groups are directed towards the center. While micelles have been
used as membrane mimics, one of the major limitations of micelles is their
restricted internal space.>

The discovery of liposomes by Bangham led to an improvement in both the loading
capacity and the variety of cargo that can be packaged compared to micelles.
Liposomes are composed of either a single bilayer (unilamellar) enclosing an
internal water core, or multiple bilayers that have a thin water film between each

6
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bilayer. The average diameter for unilamellar liposomes varies from 50 to 250 nm
whereas multilamellar liposomes vary in size from 500 to 5000 nm.”

Although lipid-based compartments have been explored extensively as organelle
mimics and biological cargo carriers, some of the major disadvantages of
lipid-based assemblies are: 1) their concentration-dependent stability, 2) the
polydispersity of the assemblies, 3) the lack in controlled cargo loading, and 4)
targeted cell uptake and biocompatibility.8-1° In recent years, many of these issues
have been addressed by using protein-based compartments which self-assemble
into well-defined structures.!?

2.3 Protein based compartments

Protein-based compartments are composed of multiple copies of one or more
types of monomeric building blocks, which self-assemble into highly-organized,
monodisperse structures. The different protein-based compartments found in
Nature cover a broad range of shape (spheres or rods) and length scales (10 -
1000 nm) (Figure 2.1). Unlike micelles, which undergo reversible self-assembly
depending on concentration, the assembly and disassembly of protein-based
compartments is based on multiple non-covalent interactions (and hence much
less concentration-dependent),’215 which can be triggered under certain
conditions (such as changes in ionic strength or pH). Interestingly, the outer shell
of many protein-based compartments contains pores, which may allow substrates
and molecules to cross the shell barrier.

Atom Enzyme Prokaryotic cells Frog egg Watermelon
Fullerene Protein compartments Eukaryotic cells Chicken egg 4%
- 5 8%) o
2 B -~ & R
S 7"'/ > -
10" 10° 10’ 10? 10° 10°* 10° 10° 10 10° 10° nm

MS2 and CCMV
~26 Carboxysome

~110
Encapsulin @
in ~24
¥

A

10' 10°
nanometers (nm)

™V Mi3
~18x 300 ~6.6 x 880

A

Figure 2.1. Nanometer scale for size comparison of protein based compartments with other
biological objects.
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2.3.1 Cage-like proteins

There are two major classes of cage-like proteins in Nature, the chaperonins and
ferritins. These small protein assemblies which are ubiquitous play important
roles in protein folding (chaperonins),!¢ or in the storage of small molecules, in the
case of ferritins.1?” An overview of the main properties of cage-like proteins is
provided in Table 2.1.

Table 2.1. Overview of the main properties of cage-like proteins

Protein based Size outer/ inner Number Different CP
compartment diameter (nm) of CPs subunits
Chaperonin (group I) 14 1
Chaperonin (group II) 16-18 1-3
Ferritin (maxi) 12/8 24 1
Ferritin (mini) 9/5 12 1

Chaperonins are classified in two groups (Group I and II) depending on their origin
and their molecular arrangement. The overall structure of chaperonins is
composed of a double-ring assembly that is stacked in a back-to-back formation
with a hydrophilic cavity in the center (Figure 2.2).18 In Group I chaperonins, each
ring is composed of seven identical protein subunits, whereas Group II
chaperonins are composed of up to three different protein subunits that assemble
with eight or nine proteins per ring.1° For example, in the “open-lid” conformation,
chaperonins such as Group II GroEL encapsulate unfolded proteins within their
central cavity (Figure 2.2). Upon encapsulation of the unfolded protein, GroES is
recruited to cap the assembly, forming the GroEL-GroES complex. In an ATP-driven
mechanism, the unfolded protein is carefully folded into its active state before
being released from the chaperonin core.20- 22

@\/N}R HSP70-ADP

N
N

Figure 2.2. Schematic representation of the encapsulation of an unfolded protein inside the
GroEL-GroES chaperonin cage. In an ATP driven mechanism, the unfolded protein is folded into
its native state before its subsequent release, adapted from reference 22. Copyright © 2011,
Rights Managed by Nature Publishing Group.
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In contrast to chaperonins, ferritins are spherical cage-like structures composed of
either twelve or twenty-four protein subunits, referred to as mini-ferritins or
maxi-ferritins (Figure 2.3).11 Ferritins are found in all living organisms and play an
important role in maintaining and regulating intracellular iron concentrations to
ensure the presence of sufficient iron levels whilst minimizing the formation of
oxidative radicals (via Fenton redox chemistry).2? One of the most accepted
explanations for the storage of iron inside ferritin is based on the diffusion of Fe2*
ions through the hydrophilic pores towards the ferritin center. As soon as these
Fe?* ions pass the protein barrier they interact with protein chains providing a
catalytic ferroxidase activity, which induces the oxidation from Fe2* ions to Fe3*
ions under the consumption of either O; or H;0. In a final step the formation of a
mineral core composed of Fe3* ions is completed, when the entire cavity of the
ferritin cage is filled.

Mini-ferritins have an outer diameter of ca. 9 nm and a hollow cavity of ca. 5 nm in
diameter (Figure 2.3A), which can accommodate and store up to 500 Fe3+* ions.24 In
comparison, maxi-ferritins have an outer diameter of around 12 nm and an inner
diameter of 8 nm (Figure 2.3B) and are able to store up to 4500 Fe ions, forming a
core of hydrous ferric oxide mineral in the central cavity.25 The self-assembly
process of the protein subunits to form maxi- and mini-ferritins is not entirely
understood, however, the proposed pathway of maxi-ferritin assembly involves
the stepwise formation of dimers, tetramers and hexamers. In the next step, four
hexamers assemble into two dodecamers before forming the final maxi-ferritin
cage.17. 26 For mini-ferritins, there are two proposed pre-assembly steps, involving
either the initial formation of dimers, or the initial formation of trimers. In both
cases, the intermediate multimers subsequently assemble into the final
dodecamer.

The maxi-ferritin (dis)-assembly is dependent on the salt concentration and/or
pH.27 More specifically, at pH 6.7 and at ionic strength below 200 mM Na(l, the
protein shell of the maxi-ferritin disassembles into dimers and can be reassembled
when the ionic strength is raised above 600 mM NaCl.28 Alternatively, ferritins can
be reversibly disassembled into their dimers by lowering the pH below 2, and
reassembled by increasing the pH to 7.5.27 Owing to their reversible assembly,
there is much interest in the use of ferritins in nanotechnology for the
encapsulation and delivery of metal-based nanoparticles2? 30 or for applications in
mineralization and storage.28 31
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Exterior surface Interior cavity

Figure 2.3. Structure of (A) mini-ferritin and (B) maxi-ferritin (adapted from reference 11).
Copyright © 2010, Elsevier.

2.3.2 Bacterial microcompartments (BMCs)

Recently, large protein-based assemblies, named bacterial microcompartments
(BMCs), have been discovered in prokaryotic cells.1* 32 33 Composed entirely of
proteins, BMCs are designed to confine specific metabolic pathways by
encapsulating multiple enzymes and substrates within their 20 - 150 nm interior
(Table 2.2). There are currently three types of BMCs that are known:
carboxysomes, metabolosomes and encapsulins.

Table 2.2. Overview of the main properties of BMCs

Protein-based Outer diameter Inner diameter | Different CP | Pore size
compartments (nm) (nm) subunits (nm)
Carboxysomes 80-140 72-132 6-10 0.4-0.7
Metabolosomes (Pdu) 100-150 92-142 8 0.8
Metabolosomes (Eut) 100-150 92-142 5 0.8
Encapsulins 20-24 18-22 1 0.5
Carboxysomes

Carboxysomes are found in cyanobacteria and chemolithoautotrophs and are
currently the best studied class of microcompartments. The carboxysomes are
divided into two main groups, namely - and B-carboxysomes (depending on the

10
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encapsulated ribulose biphosphate carboxylase oxygenase (RuBisCO) species and
the gene organization of the carboxysome) and are involved in CO; fixation.3% 35
Carboxysomes are composed of multiple shell proteins, which self-assemble into
an icosahedral-like structure with an average diameter around 80 - 140 nm.3% 36, 37
The protein shell, with an estimated mass of 115 - 355 MDa is composed of six to
ten different protein subunits,38 and is around 3 - 4 nm thick with pores of around
0.4 - 0.7 nm.3% 39 Carboxysomes encapsulate two metabolic enzymes, carbonic
anhydrase (CA) and RuBisCO. Interestingly, around 250 molecules of RuBisCO per
carboxysome have been reported to be encapsulated.3®8 Carbonic anhydrase
catalyses the production of carbon dioxide (COz) which, together with ribulose-1,5-
biphosphate (RuBP), is consumed by RuBisCO to produce 3-phosphoglycerate
(3PGA), a precursor for the Calvin cycle (Figure 2.4). The role of carboxysomes
remains unclear, however, it has been proposed that carboxysomes evolved to
either enhance the catalytic efficiency of RuBisCO or to protect it from competing
substrates, such as oxygen.34

OH
20,P0 OPO,%
?
OH (o]
ribulose-1,5-biphosphate
(RuBP)

.,
B o]
o~ 4....2@....0//0
//C
oxygen oxygen
fo) o ? 23‘.-7
)k — )’I\ . o L
0 OH =~ .5 ] > )\/opo 2.
bicarbonate HCOy o ’
(HCOy) 2-phosphoglycolate
(PG)
Calvin cycle tm—
OH
OPO,% Enzymes:
3-phosphoglycerate carbonic anhydrase (CA)
(3PGA) ribulose biphosphate carboxylase oxygenase (RuBisCO)

Figure 2.4. Schematic representation of the metabolic pathway inside carboxysomes. The
enzymes, carbonic anhydrase (CA) and RuBisCO, are involved in CO: fixation (shown by solid
lines, adapted from reference 34).
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Metabolosomes

Since the discovery of carboxysomes, other bacterial microcompartments involved
in specific metabolic pathways, namely propanediol utilization (Pdu, Figure 2.5)
and ethanolamine utilization (Eut, Figure 2.6) metabolosomes, have been
identified in prokaryotes. The outer shell of metabolosomes is composed of up to
five different shell proteins to form a 3 - 4 nm thick shell with pores of 0.8 nm in
diameter and an internal space of approximately 100 - 150 nm in diameter.14 40, 41
The interior of the Pdu and Eut metabolosome accommodates specific enzymes,
substrates and cofactors that are involved in the catabolism of 1,2-propanediol
(Pdu) and ethanolamine (Eut), respectively. It is currently believed that the shell of
metabolosomes serves to either protect the cell from toxic intermediates
(propionaldehyde or acetaldehyde for Pdu and Eut, respectively) and/or avoiding
the loss of a carbon source by confining the enzymes and substrate
intermediates.42
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Figure 2.5. Schematic representation of the metabolic pathway of propanediol utilization (Pdu),
(adapted from reference 9).
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+ Ado-B12

Ethanolamine

Figure 2.6. Schematic representation of the metabolic pathway of ethanolamine utilization (Eut)
(adapted from reference 9).

Compared to ferritins and other protein cages, there is currently little known about
the in vitro (or in vivo) disassembly and assembly of metabolosomes. For this
reason, the use of metabolosomes for the encapsulation of functional materials has
not been reported. Nonetheless, owing to their large size and their proposed role
in Nature, bacterial microcompartments hold much promise in future applications
in nanotechnology.

Encapsulins

One of the smallest reported bacterial microcompartments are the encapsulins
(also called linocin-like proteins) isolated from Thermotoga maritima and
Brevibacterium linens. The protein shell is composed of 60 monomers (with an
average mass of 31kDa) that is assembled in vivo into an icosahedron of
approximately 20 - 24 nm in diameter. The pores in the protein shell are around
0.5 nm in diameter.#3 Encapsulins contain either dye-decolorizing peroxidase, DyP
(B. linens) or a ferritin-like protein, Flp (T. maritima) within their internal cavity.
Similar to ferritins and metabolosomes discussed in the previous section, it is
thought that encapsulins confine Flps or DyPs to either store ferrous ions or to
prevent the formation and release of toxic intermediates.3 A conserved C-terminal
peptide sequence (GSLxXIGSLKG, Glycine-Serine-Leucine-x-Isoleucine-Glycine-
Serine-Leucine-Lysine-Glycine, where x is any amino acid) was found for both DyP
and Flps enzymes and is thought to be required for the directed encapsulation of
the native enzymes inside the protein shell. However, until recently, the potential
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applications of encapsulins were somewhat limited since the in vitro
assembly/disassembly pathway was unknown. In 2013, Bugg and coworkers
reported the in vitro disassembly and reassembly of the encapsulin from
Rhodococcus jostii RHA1.4% 45 Disassembly of empty encapsulins into their dimeric
proteins was achieved by dialyzing against acetate buffer at pH 3. Subsequent
dialysis back to pH 7.0 against 50 mM phosphate buffer induced the re-assembly of
empty encapsulins. In order to obtain filled encapsulins, the protein dimers were
mixed with peroxidase DyB and incubated at 100 mM phosphate buffer, 100 mM
NaCl at pH 7.4. Here, the authors showed the controlled in vitro encapsulation of
DypB in R. jostii encapsulin, which opens up new opportunities for their use as
self-assembling building blocks for applications in nanotechnology.*

2.3.3 Virus-like-particles (VLPs)

Unlike ferritins and bacterial microcompartments, which are non-infectious
assemblies involved in storage and metabolic pathways, viruses are renowned for
their infectious nature and their ability to evade detection from host immune cells
to effectively and efficiently deliver genetic cargo. Over the last years, more than
100 virus-like particles (VLPs) have been isolated and characterized.'? The most
common and simplest viruses are composed of genomic RNA/DNA, surrounded by
an outer protein shell that serves to protect and disguise the genetic cargo. The
outer protein shell is composed of multiple copies of one or more different virus
coat proteins that assemble into highly symmetrical structures. Although the
overall morphology varies between different viruses, the two most common
geometries are icosahedral and rod-like structures (Table 2.3).

Icosahedral capsids are assembled according to the Caspar-Klug quasi-equivalence
theory in which 60N subunits (where N is the triangulation (7) number) are
symmetrically arranged as pentamers and hexamers to form the final icosahedron.
The smallest icosahedral virus is composed of 60 protein subunits arranged as 12
pentamers to form a T = 1 capsid assembly. Elongated capsid assemblies can be
achieved by inserting a cylindrical section between two half-icosahedral capsids,
leading to rod-like structures.*® Owing to their robust nature, stability and
versatility, viruses have been used extensively for the encapsulation of functional
materials for applications in nanotechnology.
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Table 2.3. Overview of the main properties of VLPs

. . Number .
procimbased | ower/imer | orcrsfaren | e | Forese
p CP subunits
MS2 27/23 180 /1 3 1.6-1.8
QB 27/23 180;60 /1 3;1 1.3-1.4; 0.7
P22 58-64 415-420 /1 7;3 2;10
M13 6.5-7 and 880-930 2700-2800 / 1 rods
(length)
TMV 18/ 4 and 300 2100 /1 rods
(length)
CCMV 18;22;27/10;14;19 | 60;90;180 /1 1;2;3 52

MS2 - bacteriophage

The MS2 bacteriophage forms capsids to encapsulate single-stranded genomic
RNA. The MS2 virion is composed of 90 virus coat protein dimers that form an
icosahedral T = 3 capsid with an outer diameter of 27 nm. The protein shell is 2-3
nm thick and has 32 pores about 1.6 - 1.8 nm in diameter.!> 47-52 Each capsid shell
contains a single copy of a so-called A-protein, which is thought to be essential for
the packing of RNA inside the capsid.>® Interestingly, when expressed
recombinantly in E. coli, MS2 can still self-assemble in the absence of the A-protein
into intact icosahedral T = 3 virus-like particles encapsulating the viral RNA at
their interior.15 47-52 Furthermore, MS2 can be self-assembled in vitro at pH 4 in the
presence of peptide-based or nucleic acid cargo.*? 5 The ability to control the
assembly/disassembly process under in vitro conditions opens up many
opportunities for the controlled cargo encapsulation inside MS2 capsids, thus
making them potential candidates for applications in drug delivery and material
science.

Qp - bacteriophage

In a similar example to MS2, the Q3 bacteriophage is assembled from 90 dimers to
form non-enveloped capsids of 27 nm in diameter, surrounding a 4.2 kb single-
stranded RNA to form icosahedral capsids with T = 3 symmetry.>5-57 Furthermore,
the capsid has 20 pores located in the protein shell.5¢.58 The pores have a diameter
of 1.3 - 1.4 nm at the threefold axis and a diameter of 0.7 nm at the fivefold axis.>!
Unlike the native MS2, which requires a single A-protein for assembly, Qf requires
two helper proteins for the formation of infectious virus particles (Al protein)>°
and a maturation protein (A2 protein).%0 Structurally, the assembly of the Qf
bacteriophage involves the formation of disulfide bonds, which are crucial for
covalently linking the monomeric Q protein subunits. The morphology of the Qf3
capsid can be tuned and adapted by replacing the cysteine residues and its
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neighboring amino acid residues, leading to the formation of rod-like and smaller
icosahedral Qf VLPs.61 62 Qwing to their ability to be assembled either in vivo or in
vitro, QP is a highly attractive scaffold for applications in nanotechnology, such as
molecular delivery vehicles and has been used for the encapsulation of various
foreign materials.% 56

P22 - bacteriophage

One of the most studied bacteriophages is the P22 bacteriophage. Whilst MS2 and
QP bacteriophages encapsulate single-stranded RNA, P22 encapsulates a double
stranded DNA genome and the assembly is performed in three steps. In the first
step, 300 scaffolding proteins (33.6 kDa) are coassembled with 420 monomeric
coat proteins (44.6 kDa), forming the T = 7 procapsid equipped with 12 - 20 copies
of three different proteins necessary for the injection of DNA into the host cell.63 In
the second step, the viral dsDNA is packaged inside the procapsid and
simultaneously releases the scaffold proteins through large pores located within
the procapsid shell. In the third step, the procapsid undergoes a 10% volume
expansion.t3 ¢4 Empty T = 7 procapsids can be isolated under in vitro conditions
either by extraction with guanidine HCl or by heating the procapsid for 10 min at
65 °C, causing an expansion of the capsid shell from 58 nm to 64 nm by
simultaneous release of the scaffold proteins.6% 66 By further heating the procapsid
to 75 °C, subunits of the protein shell are released, leaving 10 nm holes in the
procapsid assembly.®5 Interestingly, by conserving the C-terminal residues of the
scaffold protein, the remaining N-terminal sequence can be substituted with the
protein of interest and that has been shown to be highly efficient for the directed
encapsulation of guest proteins inside P22.67 An alternative strategy involves the
introduction of a single cysteine point mutation on the interior of the P22 coat
protein, to which functional materials can be coupled via thiol coupling
chemistry.6¢ Overall, although there is no disassembly and reassembly pathway
known for the P22 bacteriophage, the conformational changes induced upon
heating make the P22 bacteriophage an interesting tool for nanotechnology.

M13 - bacteriophage

The filamentous M13 bacteriophage is a member of the Inoviridae family.®! Unlike
the QB, MS2 and P22 bacteriophages which encapsulate linear RNA/DNA, the
native M13 bacteriophage contains a single-stranded circular DNA genome of
around 6400 nucleotides (nt). The genome is encapsulated in a 1.5 - 2 nm thick
flexible protein shell that is stable in the pH range between 6 and 9 and at
temperatures up to 37 °C.%8 The shell is composed of five different coat proteins
and forms an a-helical assembly of 6.5 - 7 nm in diameter and around 880-930 nm
in length.%® The major coat protein (gene VIII protein: gpVIII) is composed of 50
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amino acids (5.2 kDa), of which approximately 2700 - 2800 copies are assembled
around the genome. This assembly of gpVIIl leads to the formation of a
hydrophobic core, whereby the positively charged C-terminus interacts with the
genome and the negatively charged N-terminus is exposed to the outside of the
helical structure. The end caps of the helical structure are formed by five copies of
each minor coat protein: gpVII, gpIX, gplll and gpVI (Figure 2.7). The distal end cap
is composed of gpVII and gpIX and is necessary for the formation of the M13
bacteriophage, whereas gplll and gpVI form the proximal end cap and is
responsible for the host recognition and infection.6%-71

) 0

gplll gp Vi gp IX gp Vil gp Vil

Figure 2.7. Schematic representation of the structure of the M13 bacteriophage.

The M13 phage has proven to be a very important tool in the fields of genetic
engineering and biotechnology, since functional peptides can be readily attached
to the N-terminus of the gplll or gpVIII, leading to the expression of five to several
thousand copies of the foreign peptide at the M13 surface, respectively.”2 However,
at the same time, the coat protein function can be disrupted and can lead to
inefficient representation of the foreign peptide at the phage surface. Therefore,
two different methods have been developed to display foreign material at the
phage surface. The first approach involves the engineering of a hybrid phage,
which encodes for the five wild-type coat proteins as well as the foreign peptide
fused to either gplll or gpVIIL. The second approach involves a phagemid-based
system including a helper phage.”3 Here, the gene coding for the foreign material is
engineered in a plasmid containing the M13 origin for replication, but lacks the
genes encoding for the virus production. Instead, these genes are located on a
second plasmid, encoding the viral coat protein necessary for the viral assembly.
When these two plasmids are expressed together, the foreign material is
incorporated in the coat protein assembly. Both methods provide a strategy to only
express a few copies of the foreign material at the surface of the M13 phage and
have since been shown to be suitable for applications in the fields of
nanotechnology and tumor targeting.7+ 68,7579
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Tobacco Mosaic Virus

The tobacco mosaic virus (TMV) is a plant virus from the virgaviridae family
forming helical rod-like particles and was discovered in the late 1800s.80 These
assemblies are composed of approximately 2100 identical 17.6 kDa coat proteins,
which self-assemble in a right-handed helix around the genomic single stranded
RNA of around 6300 - 6500 nt.8! The helical rods are, on average, 300 nm long
with an outer diameter of 18 nm and an inner diameter of 4 nm.82 83 [n contrast to
the M13 bacteriophage, no end caps have been observed during and after the
assembly of the TMV rods. The TMV coat protein can be expressed in plants but
also in bacteria, which allows them to be genetically engineered.82 8487 The self-
assembly process involves two major steps: 1) the binding of a specific stem-loop
of the ssRNA with a disk, which is composed of a two-ring sub-assembly of the
TMV coat proteins, 2) the assembly of the TMV coat protein around the RNA. The
elongation step to form the TMV rod structure occurs in both directions. However
the elongation in the direction towards the 5’-terminus is faster and involves the
preformation of disk structures (20S), which then assemble around the RNA,
whereas the elongation process towards the 3’-terminus is slower and involves the
formation of smaller CP aggregates, which then bind to the RNA. Although TMV
show a high stability in a pH range of 3.5 - 9 and temperatures up to 90 °C, several
forms of aggregates have been observed during invitro expression.2® Depending on
the pH and the ionic strength, these assemblies form several structures ranging
from double disks to rods of different lengths.

Cowpea Chlorotic Mottle Virus

The Cowpea chlorotic mottle virus (CCMV), from the bromovirus group of the
Bromoviridae family, is a single-stranded RNA plant virus that forms T = 3
icosahedral capsids with an outer diameter of 28 nm and an internal cavity of 550
nm3 (5.5 x 106 A3).88 89 The capsid is assembled from 90 dimeric coat protein
subunits (20.3 kDa) to form a 2 - 4 nm thick protein layer with 60 pores.?® The C-
terminal residues (186-190) are essential during capsid assembly for the
formation of non-covalent interactions between individual coat proteins (CCMV-
CP). The N-terminus (residues 1-26) contains nine arginine residues and one
lysine residue, and provides a net positive charge that interacts with the negatively
charged viral RNA.88 91 The viral RNA of CCMV is composed of three genomic
species (RNA 1 - RNA 3) and RNA 4, a subgenomic RNA expressed from RNA 3 and
serves as the mRNA for the CCMV-CP.92 93 RNA 1 (3200 nt) and RNA 2 (2800 nt),
which encode for proteins involved in RNA-dependent replication, are packaged in
separate CCMV capsids. RNA 3 (2100 nt) and RNA 4 (900 nt) are copackaged into a
third CCMV capsid in an approximate 1:1 molar ratio.?* CCMV exhibits a well-
studied in vitro assembly and disassembly pathway that is similar to other
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icosahedral viruses, such as bromo mosaic virus (BMV) or cowpea mosaic virus
(CPMV).%5-97 Depending on the pH and salt conditions, the native T = 3 CCMV
capsid swells about 10% forming pores of up to 2 nm, which allow the release of
the viral RNA. Upon further raising the pH, the CCMV capsid disassembles into the
90 coat protein dimers (Figure 2.8A).

A Disassembly of native CCMV into RNA and CPs
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Figure 2.8. (A) The native cowpea chlorotic mottle virus (CCMV) is a plant virus that forms
icosahedral T = 3 capsids, (B) Under in-vitro conditions, CCMV displays reversible that can be
controlled by pH and ionic strength.

Two different invitro self-assembly strategies enable the disassembly of the CCMV
capsid into CP dimers and the reassembly back into virus-like particles, while
encapsulating non-natural cargos. The first strategy to form T = 3 VLPs is based on
protein-protein interactions at slightly acidic pH (pH 5.0) and high ionic strength (I
> 1 M). In this case the cargo does not need to provide any surface charges and is
instead randomly encapsulated. The assemblies resulting from this method are
typically a mixture of empty and filled VLPs. In the second strategy, the CP at
slightly basic pH (pH 7.5) and an ionic strength of [ > 0.3 M assemb]es to form VLPs
in the presence of negatively charged cargo, hence only filled VLPs are formed.
Depending on the size and flexibility of the cargo different sizes and shapes of VLPs
have been observed, ranging from T = 1 VLPs (30 dimeric CP, around 18 nm in
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diameter), T = 2 (60 dimeric CP, around 22 nm in diameter) VLPs, T = 3 VLPs (180
dimeric CP, around 27 nm in diameter) and rod-like CCMV assemblies. In the latter
case, a double stranded DNA of high molecular mass was used as cargo.?® 99 Note
that these VLP assemblies, which are driven by ionic-charge compensation result
in VLPs that always encapsulate a cargo (Figure 2.8B).91100-102 CCMV VLPs that are
formed by ionic-charge compensation are stable against temperatures up to 65 °C,
pH values between 5.0 and 7.5 and in MilliQ water in the absence of salts.102 103
Furthermore, they present also pores which allow substrate exchange with the
surrounding solution.102. 104 The versatile morphology, reversible assembly and
stability of CCMV makes them particularly attractive scaffolds for the
encapsulation of functional materials for applications in nanotechnology.105 106

2.4 Functionalization of the protein shell

In general, one of the major advantages of protein-based compartments is that
they are composed entirely of protein building blocks, which enables the outer
(and inner) surface to be modified genetically or by chemical labeling with small
molecules.107. 108 Furthermore, since they are composed of multiple copies of
identical proteins that assemble into highly symmetrical structures,
functionalization at a single amino acid position is translated over the entire cage
assembly, (ie. for a T = 3 virus capsid, one mutation of the monomer leads to 180
identical mutations that are positioned symmetrically over the entire
icosahedron). This can be highly advantageous for applications in cell-recognition
and molecular targeting since a single modification can introduce multivalency
effects. For example, the interior of the MS2 bacteriophage was functionalized with
porphyrins for applications in photodynamic therapy, while the exterior was
functionalized with an aptamer to improve cell selectivity. After photoirradiation
only 20 min, the functionalized capsids showed 76% efficiency in the selective
targeting and Killing of Jurkat cells compared to non-functionalized or (targeted)
empty capsids. This impressive example demonstrates the potential applications of
virus-based assemblies in targeted therapeutics. However, in general, many
protein cage compartments are highly sensitive to structural modification and
surface functionalization. A single modification can disrupt the subtle interactions
that are crucial for protein cage assembly. For these reasons, this area still remains
highly challenging and there are only a few strategies currently used to
functionalize protein cage assemblies. To date, most examples are based on virus
assemblies, however since the same functional groups are present on most protein
cage compartments, the same strategies can be applied. An overview of the
different strategies for the chemical modification of amino acids is given in Figure
2.9, and have been used for the conjugation of small molecules,’8 106, 109
polymers,11% nanoparticles!! or enzymes!!2 to the surface of spherical virus-like
particles.
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Figure 2.9. Surface modification of virus-based assemblies based on chemical functionalization
(adapted from reference 113). Copyright © 2006, Elsevier.

Covalent attachment can be achieved via the a) amino (NH3), b) carboxylic acid
(COOH) and c) thiol (SH) groups present in amino acid residues. The amino groups
can react with N-hydroxysuccinimide esters or isothiocyanates, the carboxylic acid
groups react with amines when pre-activated using e.g. carbodiimides and the thiol
groups can be alkylated using maleimide or bromo/iodo acetamides. In addition,
the amino acid tyrosine provides a phenol group, which can be functionalized via
diazonium-coupling reactions.!13 Another method to introduce functional residues,
such as cysteines, can be achieved by genetic engineering using site-directed
mutagenesis.!’* The specific type of amino acid and the subsequently formed
bioconjugates for several viruses have been described in detail by Lee et al. and
Cardinale et gl.113, 115,116

As an alternative or complementary strategy, protein-based compartments can be
modified at the amino group of the N-terminus or the carboxylic acid group of the
C-terminus. These modifications can contain peptide coils or protein binding
motifs.117 For example, CCMV was genetically modified for the controlled
encapsulation of proteins inside the capsid. In this case, the positively charged N-
terminus of the CCMV-CP was extended with a K-coil (KIAALKE)3 peptide motif.
Modification of the desired protein cargo with the complementary negatively
charged E-coil (EIAALEK)3: peptide motif promotes the formation of the
heterodimeric CCMV-K and cargo-E coiled-coil at pH 7.5. Upon lowering to pH 5.0,
CCMV assembles into T = 3 VLPs and the protein cargo is encapsulated.118 119 A
similar strategy has been reported for the controlled assembly of empty T =1 VLPs
at pH 7.5 and 2.5 M NaCl by modification with a thermally responsive elastin-like
polypeptide (ELP). These ELPs can switch between an extended water-soluble
state and a hydrophobic collapsed state depending on the temperature and salt
concentration.120
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2.5 Functional cargos

In native virus assemblies, the interplay between the viral genome (DNA or RNA)
and the coat proteins plays a crucial role in determining the size and shape of the
capsids. Although foreign RNA or DNA can be encapsulated to form capsids that
are identical to their native viruses,87 9% 121-123 the encapsulation of synthetic
materials can manipulate the size and morphology of virus-based assemblies,
leading to entirely new structures.

2.5.1 Template directing self-assembly of protein compartments

Template-induced self-assembly of spherical VLPs

As described above, depending on the properties of the cargo template, different
sizes of icosahedral virus-like particles can be achieved. In particular, the self-
assembly of BMV or CCMV coat proteins has been directed to form either T=1, T =
2 or T = 3 assemblies by using different templates (Table 2.4) For example, de la
Escosura and coworkers showed that the self-assembly of T = 1 CCMV based
capsids can be induced upon encapsulation of short oligomers. Here, they used an
oligothymine sequence composed of 40 thymine units to form monodisperse T =1
CCMV particles.??

Polystyrene sulfonate (PSS) has been used extensively to demonstrate the tuneable
self-assembly of CCMV-CP into monodisperse virus-like particles of different sizes.
By using PSS of different molecular masses of 38 kDa, 300 - 900 kDa and 1900 -
3300 kDa self-assembly of CCMV-CP into T = 1, 2 and 3 virus-like particles,
respectively, was achieved. In this work, the authors attributed the apparent size
selection to charge compensation requirements between the negatively charged
PSS template and the positively charged N-terminus of CCMV.%% 98 In all of the
examples described so far, anionic templates (i.e. polymers, nanoparticles, DNA,
micelles) have been used to drive self-assembly of virus-based assemblies. In an
unusual example, the bromomosaic virus (BMV) was used to encapsulate gold
nanoparticles functionalized with a PEG layer (Au-PEG). Although these
nanoparticles were uncharged, virus-like particles of T = 1, 2 and 3, respectively,
were obtained depending on the diameter of the gold core (6, 9 or 12 nm) (Figure
2.10). In this unprecedented example, it was proposed that the CCMV N-terminus
intercalated between the PEG layer, however no detailed description was given.?¢
This example demonstrates that, in some cases, although charge compensation
requirements are not fulfilled, the nature of the template can still enforce the self-
assembly of virus-like particles to occur.
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Table 2.4. Shape and size overview of cargos inducing spherical VLPs with different T-numbers

. Diameter or Diameter
Origin
of CP Cargo molecular mass of VLPs T-number Ref.
of cargo (nm)
BMV 6 nm ~21 T=1
gold nanoparticles
BMV functionalized with 9 nm ~ 26 T=2 96
PEG (Au-PEG)
BMV 12 nm ~ 28 T=3
BMV PEG-coated quantum 8 nm ~32 T=2 73
dots (QD)
By | LCcoatediron 20.1 nm ~413 T>3 124
oxide nanoparticles
. . 895 g/mol per
hthal
ccmy ~ Amepithaocyanine o, b~ 160 ~19 T=1 102
(ZnPcs)
ZnPcs)
polymeric DNA
CCMV amphiphiles 10 nm ~ 20 T=2 125
(micelles)
polystyrene ~19 T=1
CCMV 38kD 98
sulfonate (PSS) a ~21 T=2
polystyrene 300-900 kDa,
M ~21-22 T=2 94
My sulfonate PSS Rc 18-25 nm
polystyrene 1900-3300 kDa
CCMV ~27-28 T=3 94
sulfonate PSS R 36-42 nm
CCMV MPS-PPV Rc 26 nm ~20nm T=1 102
CCMV oligothymines (Tq), N ~ 19 nm T=1 99

q = 40 thymine units

23



Chapter 2

SRR

Figure 2.10. Encapsulation of Au-PEG of different core sizes in BMV. (A) Model of T=1, 2 and 3
BMV cages. (B) T = 1 VLP filled with Au-PEG of 6 nm in diameter, (C) pseudo T = 2 VLP filled with
Au-PEG of 9 nm in diameter and (D) T = 3 VLP filled with Au-PEG of 12 nm in diameter (adapted
from reference 96). Copyright © 2007, National Academy of Sciences, U.S.A.

Template-induced clustering of spherical VLPs

The encapsulation of functional nanoparticles combined with the reversible
clustering of hybrid assemblies has been explored extensively.'2¢ For example,
surface interactions between the negatively charged exterior of virus particles and
positively charged nanoparticles have been shown to induce the assembly of
complex hierarchical structures. In this example, cationic gold nanoparticles
functionalized with an amphiphilic ligand, were used to induce surface-surface
clustering of individual CCMV, apoferritin or magnetoferritin particles.12> Similarly,
rod-like bacteriophages containing negatively charged gold nanoparticles were
used to assemble well-organized monolayers of M13 bacteriophages.126 127

In addition to clustering via interactions at the exterior of capsids, the clustering of
several single capsids can be obtained in the presence of high molecular mass
polymers. For example, encapsulation of ssRNA of 3000 nt in CCMV leads to the
formation of single T = 2 or T=3 virus-like assemblies.1?8 Interestingly,
encapsulation of ssSRNA with more than 4500 nt resulted in clusters of two or more
capsids whereby the RNA cargo was proposed to span across individual capsid
assemblies (Figure 2.11).98

6400nt 9000nt* ‘1,:_2900nt

g

Figure 2.11. Negatively stained TEM micrographs of CCMV assemblies. Depending on the RNA
length (5300 nt, 6400 nt, 9000 nt or 12000 nt), CCMV-VLP cluster formation can be observed,
adapted from reference 98. Copyright © 20012, American Society for Microbiology.
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Similar results were observed using synthetic cargo such as high molecular mass
poly[(2-methoxy-5-propyloxy  sulfonate)-phenyl-ene vinylene] (MPS-PPV)
polymers, in which the extended length and flexibility of the polymer chains allows
the polymer to span across multiple capsids.102

In a particular interesting example, controlled reversibly with UV light, clustering
was shown using photosensitive dendrons.!?® Upon irradiation, important
electrostatic interactions between the dendrons and the CCMV capsids were
disrupted, triggering the clusters to dissociate back into individual capsids.

Template-induced rod-like assemblies

In very special cases, the rigidity of the template can be used to direct the virus-
protein to assemble into a different morphology. In particular, tubular assemblies
of CCMV with a length scale spanning several hundreds of nm have been reported
upon encapsulation of double stranded DNA (dsDNA)-based polymers (Figure
2.12).130.131 In bhoth cases, the rigidity of the dsDNA template directs the assembly
of the normally spherical virus to form well-defined tubular structures.
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Figure 2.12. DNA-templated chromophore assemblies. (A) Schematic of Tq-G complex formation
between single-stranded oligothymine (Tq), q is representing the number of thymine units and
the guest molecules used for incorporation into the oligothymine sequence to mimic dsDNA. (B)
Encapsulation of either single-stranded oligothymine, which resulted in T = 1 particles or Tq-G
mimicking dsDNA, which resulted in tubular assemblies. (C and D) Negatively stained TEM
micrographs of tubular structures (adapted from reference 130). Copyright © 20010, WILEY-
VCH Verlag GmbH & Go. KGaA, Weinheim.
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2.5.2 Effects of encapsulation on the properties of the template

Towards medical applications

While various templates have been used to induce the assembly of virus-like
particles, at the same time, the interior of viruses provides a confined
environment, which can greatly influence the physical, optical or chemical
properties of the encapsulated cargo. This has distinct advantages, particularly in
cases where solvent effects play an important role.132 In an example, polymer-DNA
amphiphiles were encapsulated into virus-like assemblies.133 The combination of
solvent shielding and high local concentration led to an increase in stability of the
amphiphilic micelles upon dilution below their critical micelle concentration and
demonstrated their potential applications in molecular imaging, targeted therapy
and as drug delivery systems. In another example, the capsid of CCMV has been
used for the encapsulation of Gd3+ complexes for potential applications in magnetic
resonance imaging (MRI). In this case, the N-terminus of CCMV was genetically
modified with a peptide sequence that can coordinate Gd3+*. The encapsulation and
shielding of the Gd3* center led to high local concentrations of Gd3+ with better Gd3*
binding and improved T1 and T2 relaxivity.114 Similarly, Douglas and coworkers
recently reported the functionalization of the exterior of the P22 capsid with
Gd-DTPA-NCS (DTPA: diethylenetriaminepentacetate).6¢ In both cases, the
tethering of Gd complexes to virus-based assemblies leads to a significant increase
in rotational correlation times over free Gd complexes. Apart from applications in
MRI, CCMV has been used for the encapsulation of zinc phthalocyanine (ZnPc) for
use in photodynamic therapy (PDT).192 A detailed description of the PDT
mechanism is already reported.20 134 135 [n this example, CCMV capsids filled with
ZnPcs were internalized inside macrophage cells. Upon irradiation with red light,
ZnPc produces reactive oxygen species, which induced cell death. However, further
investigations towards cell uptake efficiency and immune response are needed
before such assemblies would find applications in cancer cell therapeutics.

Tuning optical properties

In a somewhat related field, virus-based assemblies show much potential as model
systems that mimic biological systems. Very recently, Douglas and coworkers
reported the encapsulation of two fluorescent proteins, namely GFP and mCherry,
in the bacteriophage P22. The co-localization of the two fluorescent proteins led to
5-fold increase in Fluorescence Resonance Energy Transfer (FRET) efficiency, and
opens up opportunities to mimic in vivo conditions and “cell-like” crowding effects,
in order to improve our understanding in how a living cell functions.6? Similarly,
mimics of natural light-harvesting assemblies were reported by Francis and
coworkers, who exploited the hierarchical self-assembly properties of TMV that
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were functionalized with fluorescent chromophores. Upon self-assembly of the
modified TMV into hierarchical stacks, broad spectrum light could be collected
with over 90% overall efficiency.’3¢ In a recent example, the group of Francis
reported the encapsulation of gold nanoparticles within the MS2 bacteriophage
combined with the external functionalization of the capsid assemblies with a DNA-
coupled fluorophore (Figure 2.13).137 Impressively, the distance between the
fluorophore and the nanoparticle could be carefully tuned in order to enhance the
fluorescence intensity. Although the authors focus on applications for metal-
enhanced fluorescence, one can envision that such assemblies could be useful in
biomedical applications.

é’" nanoparticles
%.,g% (5-20 nm) _ 3
.@ Y reassembly

attachment of
DNA to exterior

MS2 nanoparticles inside metal-enhanced
capsid dimers reassembled capsids fluorescence

Figure 2.13. Encapsulation of DNA-modified gold nanoparticles inside MS2 viral capsids and the
outer capsid modification with a fluorophore (adapted from reference 137). Copyright © 2013,
American Chemical Society.

Influencing enzymatic activity

In recent years, there has been increasing interest to explore the role of organelles
in Nature with the ultimate aim of replicating the complexity of the living cell using
biosynthetic components (i.e. developing artificial organelles). In particular, the
use of protein-based assemblies has shown great potential to study the influence of
compartmentalization on enzyme activity. Douglas and coworkers genetically
engineered the bacteriophage P22 to encapsulate 87 #* 3.5 homotetrameric
B-glycosidase (CelB) unit or 249 + 13 copies of alcohol dehydrogenase D (AdhD).65
In another example, aspartate dipeptidase peptidase E (PepE), firefly luciferase
(Luc) and a thermostable mutant of Luc(tsLuc) were encapsulated within Qf
bacteriophages.5¢ Similarly, alkaline phosphatase (PhoA) was genetically modified
with an acidic peptide tag for the encapsulation of, on average, 1.6 PhoA within the
MS2 bacteriophage.*® The acidic peptide tag provides an overall negatively charge
on the enzyme cargo, which is then able to interact with the native positively
charged MS2 coat proteins. This result in the formation of filled MS2 capsids. In
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most cases, the encapsulation of multiple copies of the same enzyme inside
bacteriophages revealed either very similar or a slight decrease in enzymatic
activity compared to the free enzymes.49 5665

In an opposite example, the encapsulation of Pseudozyma antartica lipase B (PalB)
in CCMV showed an overall increased activity compared to free enzymes.
Interestingly, although the encapsulation of 1.3, 2.0, 3.5 and 4.0 PalBs were
reported, the largest increase in enzymatic activity was observed when only a
single enzyme per capsid was present (Figure 2.14).118

A pPH7.5 pH75 pH 6.0

i‘\’i' 7+ &Q_’é ?b*_’ ﬁ

Capsid-K-coil PalB-E-coil PalB-E-coil + Capsid-K-coil Capsid
and His-tag labeled with dye with PalB
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20 35 40
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Figure 2.14. (A) Schematic representation of the encapsulation of lipase B (PalB) inside CCMV.
Encapsulation of PalB inside CCMV was achieved by pre-forming the CCMV-PalB complex at pH
7.5 before inducing CCMV assembly at pH 5.0. (B) Normalized initial enzyme velocity rates of
PalB encapsulated in CCMV (dark gray bars) compared to free PalB (light gray bars) (adapted
from reference 118).

In general, there is still very little that is known about the influence of
compartmentalization on enzymatic pathways and the physical environment
inside protein cages. The encapsulation of individual enzyme types has been
shown to be possible and demonstrates the future possibilities of including
multiple-step enzyme reactions or enzyme cascades within protein assemblies.
Further challenges lay in the ability to control the flux of substrates and products
in and out of protein-based compartments in order to truly understand and mimic
cellular organelles.
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2.6 Concluding remarks

In summary, protein-based compartments have proven to be highly attractive
scaffolds for the encapsulation of functional materials. The disassembly and
reassembly pathways of many protein-based compartments have been identified,
many of which are driven by either pH and/or ionic strength, and their ease of
assembly offers a highly attractive and accessible means for scientists, for the
formation of hybrid assemblies that are reversible yet highly mono-disperse. The
diverse range of natural structures, from protein cages to bacteriophages to
viruses, provides a seemingly endless source of protein building blocks that can be
modified or functionalized by chemical or genetic means. In this chapter, different
protein-based compartments and strategies to functionalize and fill these
compartments have been reviewed.

Although there are currently many examples in the literature describing the
encapsulation of polymers, inorganic complexes, micelles, proteins, enzymes,
nanoparticles in protein-based (in particular virus-based) assemblies, this field of
bionanotechnology continues to grow with the design and development of more
complex assemblies. In recent years, the design of “smart” responsive
compartments has shown much promise, in which protein assemblies are
equipped with triggers that respond to an external stimulus such as light,
temperature or pH, for applications in biomedicine, biomaterials and in
opto-electronics. Similarly, the role of these assemblies as cargo delivery systems
(viruses), storage proteins (ferritins) and catalytic compartments
(metabolosomes) provokes widespread interest towards understanding how these
assemblies evolved in Nature and how they can be manipulated and used by
scientists for the creation of (bio)synthetic mimics.
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Chapter 3

Encapsulation of Phthalocyanine
Supramolecular Stacks into Virus-Like
Particles

Protein cages can be used as well-defined and monodisperse particles for the
organization of external and internal material. Here, a method is described to
induce the aggregation of zinc phthalocyanines (ZnPcs) inside virus like
particles (VLPs), induced by their high local concentration. Some advantages
of using VLPs include the low concentration of ZnPcs needed to induce
aggregation in VLPs compared to bulk, the restricted volume inside the VLPs
limits the aggregation size and length of ZnPcs and finally, the encapsulation
of ZnPcs inside VLPs make them suitable for biomedical application such as
photodynamic therapy (PDT). To encapsulate ZnPcs inside VLPs, water
soluble ZnPcs were either incubated with virus coat protein dimers of the
Cowpea Chlorotic Mottle Virus (CCMV) at pH 7.5, or incubated with the
preformed empty capsid of CCMV at pH 5.0. Encapsulation at neutral pH led
to the formation of ZnPc aggregates inside the VLPs, whereas encapsulation
in the preformed CCMV capsid at pH 5.0 led to the formation of ZnPc dimers
inside the VLPs. In both cases, the formation of aggregated ZnPc stacks, or the
formation of dimers was followed spectroscopically. Furthermore, PDT
studies on macrophage cells using the ZnPc-filled VLPs revealed a cell death
efficiency of 92-95%.

This chapter is published:
M. Brasch, A. de la Escosura, Y. Ma, C. Uetrecht, A. R. Heck, T. Torres and J. J. L. M.
Cornelissen; ] Am Chem Soc; 2011; 133; 6878-6881
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3.1 Introduction

Light-absorbing organic molecules such as porphyrins (Pors) and phthalocyanines
(Pcs) are widespread building blocks in materials science and nanotechnology.? 2
In particular, Pcs are highly robust and versatile chromophores that tend to
aggregate and form stacks through =m-m interactions, and have been used for
applications in medicine, photonics, electronics, and energy conversion.37 By
means of controlling the size and long-range order of the Pc stacks, their optical
properties can be modified and tuned. To achieve this ordering, viruses are highly
attractive, monodisperse scaffolds for the organization of chemical moieties both
in their inner cavities and on their exterior surfaces.8-14 For example, the protein
scaffold of rod-like viruses, such as the bacteriophage M1315 16 and the Tobacco
Mosaic Virus (TMV),17 or of icosahedral ones, such as the Hepatitis B Virus (HBV)18
and the bacteriophage MS2,1° have been decorated with Pors. However, in most
cases, the virus coat proteins were genetically modified for the subsequent
covalent6-1% or non-covalent!> coupling with the Por moieties. Cowpea Chlorotic
Mottle Virus (CCMV) is an icosahedral plant virus with inner and outer diameters
of 18 and 28 nm, respectively.20. 21 The inner cavity of native CCMV is highly
positively charged and accommodates the negatively charged RNA inside. At
neutral pH and high ionic strength, the capsid disassembles into 90 identical virus
coat protein (CP) dimers. After removal of the viral RNA and lowering the pH (to
pH 5.0), the coat proteins can be reassembled into T = 3 virus-like particles (VLPs).
Although the native virus forms T = 3 particles, smaller T =122 capsids can be
formed at pH 7.5 in the presence of polyanionic species.?3 2¢ T represents the
triangulation number, a geometrical parameter that characterizes icosahedral
structures. T = 1 and T = 3 capsids are formed by 60 and 180 CP subunits,
respectively.?!

Here, the encapsulation of a water-soluble zinc phthalocyanine (ZnPc) into VLPs
was investigated. The superior optical and electronic properties of Pcs combined
with the biocompatible nature of VLP assemblies could be of potential use for
biomedical applications, i.e. fluorescence imaging and photodynamic therapy.
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3.2 Results and discussion

3.2.1 Aggregation behavior of metal Pc tetrasulfonic acid salt

The aggregation behavior of metallophthalocyanine derivatives has been well
characterized and is known to be highly dependent on both concentration and
solvent.25 For example, at low concentration (107 - 10-* M), water-soluble zinc
phthalocyanine (ZnPc) (Figure 3.1A) partially aggregates in water and has an
absorbance maximum at approximately A = 635 nm. By comparison, dissolution in
DMSO leads to the formation of non-aggregated ZnPc monomers, which
subsequently causes a red-shift in the absorbance maximum to A = 679 nm (Figure
3.1B).

>
o

ZnPc (7.5 uM)
0.6 —— DMSO

——H,0

—+—H,0 + 20% DMSO

Absorbance (a.u.)

"300 400 500 600 700 800
Wavelength (nm)

Figure 3.1. (A) Structure of the here used water-soluble zinc phthalocyanine (ZnPc) compound.
(B) UV-visible absorbance spectra of zinc phthalocyanine (ZnPc) in different solvent conditions.
At 7.5 pM, ZnPc exists as a monomer in DMSO and exhibits a maximum absorbance at A = 679 nm
whereas in H20, ZnPc aggregates and exhibits a maximum absorbance at A = 635 nm. Addition of
20% DMSO partially breaks the aggregates.

To investigate the aggregation behavior of ZnPc under different aqueous
conditions, the spectroscopic properties of ZnPc (10> - 0.10 mM) at various
concentrations were studied in Tris-HCl (pH 7.5) and sodium acetate buffer (pH
5.0). In general, the formation of long zinc phthalocyanine arrangements
(H aggregates) can be readily characterized by a concomitant blue-shift of the Q
band in the absorbance spectrum.? In the case of zinc phthalocyanine, the
formation of dimeric H aggregates was monitored by UV-visible spectroscopy at
A =635 nm (Q band). Figure 3.2 shows the same trend for ZnPc in both Tris-Cl (pH
7.5) and sodium acetate buffer (pH 5.0) within the concentration range of 104 -
0.10 mM, suggesting that H aggregates do not form. The direct relationship
between the ZnPc absorbance and concentration allowed for the determination of
the ZnPc extinction coefficient at A =280 nm and A= 635nm (Figure 3.2E and
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3.2F). The calibration curves obtained from non-encapsulated ZnPcs as well as
native electrospray ionization mass spectroscopy (ESI-MS) were later used to
estimate the number of ZnPc molecules in either T = 1 or T = 3 VLPs after
encapsulation.
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Figure 3.2. UV-visible absorbance spectra of ZnPc upon increasing concentration (A) 105 - 0.10
mM at pH 7.5, (B) 105 - 103 mM at pH 7.5, (C) 10+ - 101 mM at pH 5.0, (D) 10-* - 102 mM at pH
5.0. Beer-Lambert calibration curves monitoring at A = 280 nm and A = 635 nm at (E) pH 7.5, (F)
pH 5.0.
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The concentration-dependent aggregation of ZnPc was further confirmed by
dynamic light scattering (DLS) studies in tris-HCl buffer at pH 7.5. At
concentrations higher than 1 mM, large ZnPc aggregates (100 - 1000 nm in
diameter) appeared to form, whereas at concentrations below 1 mM, aggregates of
approximately 1 nm in diameter were observed (Figure 3.3).
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Figure 3.3. DLS measurements of ZnPc aggregates at (A) 5 mM, (B) 2.5 mM, (C) 1.25 mM, (D) 1
mM, (E) 0.625 mM, (F) 0.312 mM, (G) 0.156 mM, (H) 0.078 mM, (I) 0.039 mM and (J) 0.019 mM. t

T The data are represented as “Frequency (%)”, which refers to the volume percentage as determined
by the instrument.
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3.2.2 Encapsulation of ZnPc inside VLPs

CCMV has been shown to form T = 1 particles at pH 7.5 in the presence of
negatively charged cargos and empty T = 3 particles at pH 5.0. In order to study
whether the VLP size can be used to induce and control aggregation of ZnPc, two
different approaches were investigated. First, ZnPc and CP solutions (with final
concentrations of [ZnPc] = 1 mM and [CP] = 0.2 mM) in Tris-HCI buffer (50 mM, 0.3
M NaCl, 1 mM DTT, pH 7.5) were mixed and incubated for 1 h at 4 °C (Figure 3.4).

ZnPc
pH75 T=1 fresh

& "“0 ::]':—::fl buffer ‘ %ﬂ:@u
iy

= 901

Figure 3.4. Schematic representation of the encapsulation approach of ZnPcs into CCMV by
mixing ZnPcs and CP at pH 7.5.

Two control samples based on empty T=3 CCMV (pH 5) and unassembled CP (pH
7.5) were purified by size-exclusion chromatography (SEC), which showed elution
peaks at 11.5 mL and 18.5 mL respectively (Figure 3.5A I-II). After incubation,
ZnPc filled CCMV was purified by SEC, monitoring at A = 260 nm and A = 280 nm
for the CCMV protein and at A = 635 nm for ZnPc. SEC revealed two peaks at
13.0mL and 18.5 mL. The shift in elution volume from 11.5 mL to 13.0 mL
compared to the control sample was thought to be due to virus-like capsids that
are smaller in diameter than empty T = 3 capsids (Figure 3.5 III). The strong
absorbance at 635 nm also indicated that the virus-like particles were loaded with
ZnPc. The particle size and morphology was confirmed by both Transmission
Electron Microscopy (TEM) and DLS analyse, which confirmed T = 1 particles with
an average diameter of 19 * 2 nm (Figure 3.5B). Integration of the peak intensities
from the SEC indicated approximately 71% assembly efficiency (i.e. 71% of the CP
used formed T = 1 particles). Interestingly, the absorbance spectrum of ZnPc-CCMV
showed a blue-shift of the ZnPc Q-band from 635 nm to 613 nm compared to the
non-encapsulated ZnPc, indicating aggregation behaviour inside the VLPs (Figure
3.5C). As described in the previous section, the aggregation of free ZnPc was only
observed at concentrations higher than 1 mM (Section 3.2.1). Based on the
calibration curve, the local concentration of ZnPc within the VLPs was estimated to
be 120 mM (Appendix). The unexpectedly high local concentration is attributed to
the strong electrostatic interactions between the negatively charged ZnPc dimers
and the positively charged N-terminus of CCMV. The high local concentration
combined with the strong electrostatic interactions may enhance the aggregation
behaviour of ZnPc when encapsulated in VLPs. Dialysis of ZnPc filled VLPs against
fresh Tris-HCI buffer did not lead to any loss of ZnPc (by diffusion out of the VLP
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pores), which also indicates that the ZnPc aggregates are highly stable (Figure 3.5A
IV and 5C).
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Figure 3.5 (A) Size exclusion chromatography of (I) empty T = 3 CCMV capsid (pH 5), (II) coat
proteins (pH 7.5), (III) VLPs filled with ZnPcs (pH 7.5) and (IV) purified VLPs filled with ZnPcs
after dialysis against fresh buffer. The red and blue lines represent protein specific UV-Vis
absorbance at A = 260 nm and 280 nm; A = 635 nm represents the ZnPc specific UV-Vis
absorbance. (B) TEM micrographs and DLS size distribution diagram (inset) of ZnPc containing T
= 1 particles from the SEC fraction. (C) Normalized UV-Vis spectra of ZnPc, CP and SEC purified T
=1 VLPs filled with ZnPcs and dialysis of VLPs filled with ZnPcs against fresh buffer.

In the second encapsulation approach, a mixture of ZnPc (1 mM final
concentration) and empty T = 3 capsids (0.23 mM final concentration) was
incubated in 50 mM sodium acetate buffer, 1 M NaCl, 1 mM NaN3, pH 5 for 1 h at 4
°C, to allow ZnPc to diffuse into the capsid through the capsid pores (Figure 3.6).

~ pHS fresh §
1 M NaCl buffer

T \
'Y

Figure 3.6. Schematic representation of the encapsulation approach of ZnPcs into empty
preformed T = 3 CCMV capsids at pH 5.

T=3
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Purification by size-exclusion chromatography showed a clear peak eluting at 11.5
mL, with an intense absorption at 635 nm, suggesting that the CCMV capsids were
filled with ZnPcs (Figure 3.7A 1I). TEM and DLS analyses confirmed the presence of
T = 3 particles (Figure 3.7B). The absorbance spectrum revealed a peak maximum
centered around 635 nm, which is indicative of ZnPc dimers and suggests that,
unlike T = 1 particles, encapsulation inside T = 3 capsids does not induce ZnPc
aggregation (Figure 3.7C). Dialysis against fresh acetate buffer showed that ZnPc
diffuses out of the CCMV capsids (Figure 3.7A III and 3.7C), resulting in a
substantial decrease in local concentration of ZnPc from 57 mM to 38 mM (based
on UV-visible spectroscopy).

A

A (nm): 280; 260; 635
~ 504
2 1]
< 0
E 500 Y ' T T T
‘/\ I
s 0 - - T T - - -
2
S 150
2 A |
< 0 y u u y y T y

elution volume (mL)

—v—2ZnPc; —+—T =3 CCMV (l); —=— (1) filled with ZnPc (Il);
c 30 —e— (I1) dialyzed against fresh buffer (lll)

z's- 0
2,04

J
/
6

-

1.5
35 nm

-—

Absorbance (a.u.)

0.5

300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 3.7. (A) Size exclusion chromatography of (I) empty T = 3 CCMV capsid (pH 5), (I) T =3
CCMV capsid incubated with ZnPcs (pH 5) and (III) T = 3 VLPs filled with ZnPcs after dialysis
against fresh buffer (pH 5). The red and blue line represent protein specific UV-Vis absorbance
at A =260 nm and 280 nm; A = 635 nm represents the ZnPc specific UV-Vis absorbance. (B) TEM
micrographs and DLS size distribution diagram (inset) of ZnPc containing T = 3 particles from
the SEC fraction. (C) Normalized UV-Vis spectra of ZnPc, T = 3 CCMV, SEC purified T = 3 VLPs
filled with ZnPcs and dialysis of VLPs filled with ZnPcs against fresh buffer.

The absence of leaked ZnPc in the FPLC traces (Figure 3.7A) is caused by the
interactions of the molecules with the SEC column under buffering conditions.
Flushing the column with pure water after ZnPc loading resulted in a main elution
peak at 28 mL (Figure 3.8).
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Figure 3.8. SEC chromatograms of ZnPc after flushing the column with pure water.

In the case of native CCMV, it is known that empty T = 3 particles normally
disassemble into CP dimers at pH 7.5. Here this knowledge was used to induce a
shape transition from T = 3 to T = 1 particles in order to prevent the leakage of
ZnPcs from the particle interior (Figure 3.9). As it has been shown for the first
encapsulation approach, where incubation of ZnPc with CCMV CP led to the
formation of highly robust T = 1 VLPs and the high local concentration of
encapsulated ZnPcs induced ZnPc aggregation, which prevented ZnPcs from
leaking out form the interior of these T = 1 particles.

T=1

o

f
& @
pHS5 N
T=3 T=3

Figure 3.9. Schematic representation of the shape transition of T = 3 to T = 1 particles by dialysis
from pH 5 to pH 7.5, as well as the attempt to transform T = 1 particles back to T = 3 particles.

Indeed, dialysis of the T = 3 particles filled with ZnPcs against Tris-HCl buffer (50
mM, 0.3 M NaCl, 1 mM DTT, pH 7.5) transformed the T = 3 particles into T = 1
particles (61%) and free CP (39%), as revealed by SEC, TEM and DLS (Figure 3.10A
I1, 3.10B and 3.10C, respectively).
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Figure 3.10. Size exclusion chromatography of (I) T = 3 CCMV capsid filled with ZnPcs (pH 5), (II)
T = 3 VLPs filled with ZnPcs after dialysis against pH 7.5 and (III) dialysis of the later sample
against fresh buffer (pH 5). The red and blue line represent protein specific UV-Vis absorbance
at A =260 nm and 280 nm; A = 635 nm represents the ZnPc specific UV-Vis absorbance. (B) TEM
micrographs of the obtained T = 1 particles and (C) DLS size distribution diagram of the ZnPc
containing T = 1 particles from the SEC fraction sample (II). (D) Normalized UV-Vis spectra of SEC
purified samples (I, II and III). (E) DLS size distribution diagram of SEC purified samples (III)
containing stable T = 1 particles at pH 5.
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Figure 3.11. FPLC chromatograms of purified T = 1 CCMV capsids filled with ZnPcs after dialysis
against (A) Milli-Q water and (B) 10% picolinic acid in water at pH 7.5 for 24h. (C) UV-Vis
spectra showing the aggregation behavior of ZnPc in Sample 1. Water and picolinic acid are not
able to disrupt the aggregation of ZnPc.
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Upon dialysis to pH 7.5, the absorbance maximum of the ZnPc stacks was further
blue-shifted to 613 nm, which is in line with the T = 1 ZnPc filled VLPs (Figure
3.10D). Interestingly, dialyzing back to pH 5 did not induce the reformation of T = 3
capsids (Figure 3.9, Figure 3.10A III and 3.10E), neither did dialyzing against Milli-
Q water or addition of water-soluble pyridine derivatives (e.g., 10% picolinic acid),
which are generally used to disrupt the ZnPc aggregation by coordination to the
zinc central atom of the macrocycle (Figure 3.11). This suggests that the stronger
aggregation of ZnPc inside the T = 1 capsids involves different driving forces that
direct their assembly and might be explained by the following argument. T = 3
capsids are thermodynamically stable at pH 5 and do not need a template for their
assembly. Consequently, ZnPcs that diffuse in and out of the capsid do not increase
the stability of the capsid nor are they needed for electrostatic charge
compensation to form or stabilize the capsid further. As a result no strong driving
forces are present to store the ZnPcs at the interior, giving no effective increase in
the local concentration of ZnPcs and therefore no aggregation of ZnPcs which does
occur at high local concentrations. On the contrary, electrostatic interactions
between the CP and the cargo are dominant at pH 7.5.26 The ZnPc stacks are then
needed to template the formation of T = 1 capsids, and cannot diffuse out of the
evidently very stable protein cage. Such presumed cooperative encapsulation /
templated assembly process strongly promotes the aggregation of ZnPc at neutral
pH.

3.2.3 Quantification of ZnPc molecules per capsid

The average number of ZnPc molecules and their concentration inside the capsids
were determined by UV-visible spectroscopy based on the calibration curve of the
free non-encapsulated ZnPc (Figure 3.2E). The concentration of ZnPc per capsid
was estimated to be 0.12 M corresponding to 120 ZnPcs per capsid (Appendix).
However, due to the significant hypsochromic shift for the ZnPc absorption, this
approach is only an estimation. For a more accurate quantification of the number
of ZnPc molecules per capsid, the sample was analyzed by native electrospray
ionization mass spectrometry (ESI-MS).

3.2.3.1 Native electrospray ionization mass spectrometry (ESI-MS)

Based on native ESI-MS, an average number of 192 + 20 ZnPc molecules per T =1
capsid was obtained (Figure 3.12 and Table 3.1).27 Using the equation z = 0.078 x
MO5, T = 1 particles (M ~1.2 MDa), should contain (z) approximately 85 charges. At
low acceleration voltage, a small amount of truncated CP dimers and the T = 1
particles around m/z 15,600 were detected, which is within the expected m/z of
around 14,117 (Figure 3.12, bottom). Tandem MS was performed on selected mass
to charge ratios (m/z) (Figure 3.12, grey bar). Charge stripping at medium
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acceleration voltage (150 V) enables the mass determination for ZnPc filled VLPs.
At high acceleration voltage (220 V, top), highly charged CP units are ionized from
the capsids and appear at m/z 1,500. Similarly, the high mass species observed at
m/z 18,200 corresponds to the capsid missing one monomer. Notably, the particles
contained primarily the intact CP, which was not present in solution. This suggests
that the assembly is less efficient for the truncated protein (Figure 3.12).

intact capsid protein

monomer
20.261+0.002 kDa CTC=M1V
14+ +Z0PC
1,387 +2kDa
83+
87+
CCMmv
T=1
J +ZnPC
-1 monomer
1,362+ 2 kDa

T T T T T T T T T T
2000 4000 6000 8000 10000

T T T T T T T T T T T T T T
2000 4000 6000 8000 10000 12000 14000

A capsid protein
homodimer

33.82+0.02kDa
(2x16.908 1 0.001 kDa)
10+
1+

N, -

2000 4000 6000 8000 10000 12000 14000 16000 18000

Figure 3.12. ESI-MS analysis of ZnPc-loaded T = 1 particles.

Table 3.1. ESI-MS analysis of ZnPc molecules per T = 1 particle.

Acceleration Mindividual cP / Da Meapsid, calculated / M capsid, measured / [2] - [1] = Mznpc
Voltage Da [1] Da [2] incorporated
(# molecules) / Da
16,908 +1 1,014,480 (only
10V (ACP) ACP) n.d. n.d.
150 V (with « 1,387,000 £
selection) nd. 1,215,660 5000 171,000 (192)
. 1,382,000 =
220V (with 20,2612 1,215,660 | 2000 (1,362,000 |  ~166,000 (186)
selection)
+20,261)

*The capsid masses were calculated with the full-length protein to determine the
amount of ZnPc. Anionic ZnPc was assumed to be incorporated in the VLPs (892
Da).
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3.24 VLPsloaded with ZnPc and their application in PDT

Pcs are promising candidates as photosensitizers for photodynamic therapy (PDT)
of neoplastic and non-neoplastic diseases.! Two important requirements are 1) the
transport of Pc to its intracellular target, and 2) the high local concentration of Pc
for optimal photosensitizing effects. Both of these aspects can be effectively and
efficiently met by encapsulating Pc molecules within virus-like particles. The virus
capsid is intrinsically designed to deliver (nucleic acid) cargo to host cells, and can
be readily functionalized on the surface to introduce targetability, making viruses
promising candidates as delivery systems. Although preliminary experiments have
shown that ZnPc filled T= 3 and T = 1 capsids could be taken up by macrophage
cells, T = 3 particles are not as suitable, since they have been shown to rearrange
and release part of the encapsulated ZnPc molecules into the medium. Subsequent
irradiation between A = 620 - 660 nm for 20 min induced almost complete death of
92 - 95% of cells, whereas in the non-illuminated area, the cells survived (Figure
3.13). The presence of dead cells was evaluated by staining with propidium iodide
(PI), which intercalates into double-stranded nucleic acids. PI is excluded by viable
cells but can penetrate the cell membrane of dying or dead cells. Dead cells are
thus identified in the micrographs as they appear colored in red in the fluorescence
images. The ZnPc induces a similar PDT effect (92%, Table 3.2) in the absence of
CP (Figure 3.13C). In contrast, when irradiation took place in the absence of ZnPc
and the CP, almost no dead cells (5%, Table 3.2) were observed (Figure 3.13D).

Table 3.2. Percentage of cells killed after the uptake of different types of particles.

T=1 T=3 ZnPc Blank
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Trial1 Trial 2

# of cells

170 751 296 579 292 612 359 889
counted

% of dead
cells

92.4% 92.5% 93.9% 95.9% 91.8% 92.6% 3.6% 6.1%

Average

killing 92.5% 94.9% 92.2% 4.8%
efficiency

The suitability of ZnPc-loaded CCMV T = 1 particles to induce cell death, upon
cellular uptake and subsequent irradiation has been proven by these experiments.
An experimental confirmation of whether encapsulated or free ZnPc is the species
responsible for cellular death could unfortunately not been obtained. The
encapsulation of ZnPc presents, however, plenty of potential benefits for PDT in
vivo. The photosensitizer biocompatibility may be improved during its transport
through the organism. Moreover, our strategy could facilitate cellular targeting,
and would certainly provide an increased local concentration. Future
implementations are envisioned, such as the encapsulation of non-aggregated Pc
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derivatives and the capsid functionalization with target-selective biocompatible
polymers. Understanding how these factors would affect the assembly properties
of the CP and the efficacy of the PDT response will be of fundamental importance
in the route towards an efficient photosensitizer/vehicle system. Interestingly, the
analogous copper derivative of ZnPc (tetrasulfonated CuPc) has been used to
target G-quadruplexes and to selectively inhibit the elongation of telomers (i.e., one
of the causes of cell canceration) in the presence of dsDNA.28 These Pc-containing
VLPs may therefore be potentially useful for the inhibition of telomerase activity.

¥ L4 . 100pm ¢ - ' 100 ym

Figure3.13. Fluorescence microscopy of RAW 264.7 macrophage cells irradiated with a mercury
lamp (excitation BP (bandpass filter) wavelengths of 620/60 nm) for 20 min, (A) in the presence
of ZnPc-containing T = 1 capsids, (B) in the presence of ZnPc-containing T = 3 capsids, (C) in the
presence of ZnPc and (D) in the absence of ZnPc and VLPs. Dead cells stained with PI appear in
red. Left: Fluorescence microscopy images (excitation at 543 nm, emission recorded with a LP
560 filter); middle: transmission images; right: overlap of the other two images.
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3.3 Conclusions

In summary, the presented data shows that the assembly of artificially loaded
icosahedral protein cages is a complex process, with a delicate interplay between
capsid protein and cargo. On one hand the formation of T = 1 particles at neutral
pH is due to the presence of a negatively charged template. On the other hand, the
high effective concentration resulting from the dye confinement leads to larger
ZnPc aggregates, which in turn might be better templates. This cooperative
association between protein assembly and ZnPc aggregation yields in the end a
stable Pc-loaded protein nanocontainer inducing the formation of ZnPc aggregates
at their interior.

Remarkably, ZnPc-filled T = 1 VLPs are stable after dialysis against other water
based solvents in a pH range from 5.0 to 7.5, demonstrating the robust nature of
such VLP-based assemblies. In contrast, ZnPc filled T = 3 VLPs are susceptible to
loss of ZnPc cargo by diffusion through the pores of the capsid shell. Furthermore,
ZnPc-filled T = 3 particles (at pH 5.0) are not stable upon dialysis to neutral pH 7.5
and instead rearrange into stable T = 1 particles filled with ZnPc.

Finally, ZnPc-filled virus-like assemblies can be used for PDT invitro with a cell
death efficiency of 92-95% of the macrophages. This is a similar efficiency as
obtained with ZnPc itself, but with the possibility to contain the PDT dye with
surface functionality, for e.g. targeting and other drugs.
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3.5 Experimental

3.5.1 Materials

The purification of the CCMV virus, removal of its RNA and isolation of the CCMV
coat protein (CP) were carried out according to literature procedures.?? 30 The
resulting viral CP were characterized by size exclusion chromatography (SEC) and
UV-Vis spectroscopy. The ZnPc tetrasulfonic acid sodium salt was prepared
according to literature procedures.3!

3.5.2 Methods

General methods:

Size exclusion chromatography was performed using a Superose 6 10/100 GL (GE
Healthcare) preparative column, eluting with either 50 mM Tris-HCl buffer, 0.3 M
NaCl, 1 mM DTT at pH 7.5 or 50 mM NaOAc buffer, 1 M NaCl, 1 mM NaN3 at pH 5.0.
Buffers were prepared from ultrapure (Milli-Q) water. UV-visible spectra were
recorded using a Perkin Elmer Lambda 850 UV spectrophotometer. 'H NMR was
recorded at room temperature using a Bruker 300 MHz spectrometer. Chemical
shifts are given in ppm (8) relative to tetramethylsilane. MALDI-TOF MS was
performed using a Bruker ULTRAFLEX III spectrometer, using o-cyano-4-
hydroxycinnamic acid as the matrix.

Encapsulation of ZnPc into CCMV T = 1 capsids (Sample 1):

From a stock solution of ZnPc (3 mM in 50 mM Tris-HCI buffer, 0.3 M NaCl, 1 mM
DTT (pH 7.5), 133 uL of ZnPc were added to CCMV CP in the same buffer (0.4 mM,
182 pL). The final volume was made up to 400 uL with buffer. The resulting
solution (1 mM ZnPc; 0.2 mM CP) was incubated for 1 h at 4 °C on a roller bank.
After incubation, the sample containing ZnPc/CP as well as a reference solution
(only CP) were purified and analyzed by SEC monitoring at A = 260 nm, 280 nm
and 635 nm. Fractions of 200 pL were collected, and those corresponding to ZnPc-
containing T = 1 capsids were further analyzed by DLS, TEM and UV-visible
spectroscopy.
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Encapsulation of ZnPc into CCMV T = 3 capsids:

From a stock solution of ZnPc (3 mM in 50 mM sodium acetate buffer, 1 M NaCl, 1
mM NaN3s, pH 5), 100 pL of ZnPc were added to CCMV capsid solution in the same
buffer (0.35 mM, 200 pL). The final volume was made up to 400 uL with buffer and
the mixture was incubated for 1 h at 4 °C on a roller bank. After the incubation
step, the sample containing ZnPc/CP as well as a reference solution (with only
native CCMV capsid) were purified and analyzed by SEC, monitoring at A = 260 nm,
280 nm and 635 nm. Fractions of 200 pL were collected, and those corresponding
to ZnPc-containing T = 3 capsids were further analyzed by DLS, TEM and UV-
visible spectroscopy.

Dialysis of Sample 1 against different solvents:

Sample 1 (200 pL) was dialyzed for 24 h against either 200 mL of 10% pyridine or
10% picolinic acid solutions in 50 mM Tris-HCl buffer, 0.3 M NaCl, 1 mM DTT, pH
7.5 or against Milli-Q water at 4 °C using 6-8 kDa MWCO dialysis membranes. The
resulting samples were purified and analyzed by SEC and UV-visible spectroscopy.

Conversion of T = 3 containing ZnPc into T = 1 capsids:

Sample 2 (200 pL) was dialyzed for 24 h against 50 mM Tris-HCl buffer, 0.3 M
NaCl, 1 mM DTT, pH 7.5 at 4°C using 6-8 kDa MWCO dialysis membranes. The
resulting samples were purified and analyzed by both SEC and UV-visible
spectroscopy.

Mass Spectrometry Studies:

Electrospray ionization (ESI) mass spectrometry (MS) measurements in the
positive ion mode were performed on modified QTOF 1 and QTOF 2 instruments
(Waters, UK; and MS Visions, the Netherlands).32 To optimize the resolution and
ion transmission, the backing pressure was increased to 10 mbar. The capillary
and cone voltages were 1350 V and 150 V, respectively. In the collision cell, the
pressure was 1.5 x 102 mbar with xenon as collision gas,33 and the acceleration
voltage was varied from 10 to 300 V. For tandem MS experiments, ions were
selected according to m/z (mass to charge ratio) in the quadrupole preceding the
collision cell. Capillaries for ESI were home-made from borosilicate glass tubes of
1.2 mm OD and 0.68 mm ID with filament (World Precision Instruments, USA)
using a P-97 micropipette puller (Sutter Instruments, USA) and gold-coated using
an Edwards Scancoat (Edwards Laboratories, USA) six Pirani 501 sputter coater.
Capillary tips were opened on the sample cone of the instrument. Mass spectra
were calibrated where necessary with cesium iodide and analyzed using Masslynx,
ESIprot34 and a program, LeastMass, recently developed in collaboration with the
Department of Physics, National Dong Hwa University, Taiwan.3> Buffer exchange
of the ZnPc-loaded T = 1 CCMV particle solution to 200 mM ammonium acetate (pH
7.5) was carried out using centrifugal filter units at 13,000 g, 4 °C (5 kDa MWCO,
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Vivaspin 500, Sartorius AG, Germany). The CCMV particles were analyzed at
concentrations in the range of 8-16 pM, based on the monomer concentration.

Photo-toxicity studies in cells:

RAW 264.7 macrophages were grown in Dulbecco’s modified Eagle’s medium
(DMEM) + 10% fetal bovine serum (FBS) + 1% penicillin, streptomycin solution
(PS) at 37 °C. Approximately 101* ZnPc-loaded virus-like particles in their
corresponding buffer or approximately 101 ZnPc molecules in pH 7.5 buffer were
mixed with 103-10* seeded cells in 100 pL growth medium and incubated at 37 °C
for more than 18 h. Afterwards the cells were washed three times with the
medium to remove the excess of material and then resuspended in fresh medium.
The washed cells were irradiated using a mercury lamp fitted with a filter cube
(excitation BP wavelengths of 620/60) for 20 min. After incubation at 37 °C for ~
20 h, propidium iodide (PI) was added to the cell culture and images were taken
with a Zeiss LSM 510 confocal laser scanning system using a 543 nm HeNe laser
with 10-times magnification.

Size-exclusion chromatography (SEC):
SEC was performed using the GE Healthcare FPLC Akta purifier 900 combined with
fraction collector Frac-950. Samples were purified over a preparative column
superpose 6 10/100 GL (GE Healthcare) with a 24 mL bed volume. Samples were
injected over a 100 pL injection loop.

Transmission Electron Microscopy (TEM):

The samples were examined in an analytical FEG-TEM (Phillips CM 30) operated at
300 kV acceleration voltages. For the sample preparation 5 pL of the desired
sample were applied onto Formvar-carbon coated grids. After leaving the sample
for 1 min, the excess of liquid was drained using a piece of filter paper. Uranyl
acetate (5 pL, 1% w/v) was applied and the excess of liquid was drained after 20
seconds. The grid was dried for 30 mins at room temperature.

UV-Vis spectroscopy:
UV-Vis spectra were recorded on a Varian Cary 300 UV-Vis spectrometer, using a
quartz cuvette with 3 mm path length.

Dynamic light scattering for ZnPc filled VLPs:

DLS measurements were obtained using 600 pL of sample. The size distribution of
the capsids was determined by measuring their diameter for more than 80 counts
unless otherwise stated. All samples were measured in triplicate. The data are
presented as “Frequency (%)”, which refers to the volume percentage as
determined by the instrument.
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3.6 Appendix

3.6.1 Appendix: Calculation of ZnPc molecules per capsid

Starting values measured by UV-VIS and extinctions coefficient (€) for ZnPc:
A =¢€-c-d, with c: concentration and d: path length of the cuvette

A(T =1 filled ZnPc @ 635 nm): 0.0876 (only ZnPc absorbs in this region)

A(T =1 filled ZnPc @ 280 nm): 0.1398 (CP and ZnPc absorb in this region)

€(znPC @ 635 nm): 24055 mol! - 1 - cm-1, y-intercept: 0.00317

€(cP @280 nm): 10508 mol1 -1 cm, y-intercept: 0.01974

€(cP @280 nm): 24075 mol1-1- cm,

Calculation of ZnPc overall concentration:

_ 00876000317 o
€znPo) T 2055 mol-1 -1

Calculation of Absorbance @ 280 caused by ZnPc:
A(znpc @ 280 nmy = 10508 mol™" -1-3.509 - 107°M + 0.01974 = 0.0566

Calculation of Absorbance @ 280 related to CP:

Acp @280nm) = A(T =1 filled ZnPc @ 280 nm) — A(znpc @ 280 nm)
Atcr @250 mmy = 0.1399 — 0.0566 = 0.0833

Calculation of T = 1 concentration:

= 0.0833 =3.460-10"°M
Cer = 24075mol-1-1-cm~1- 1cm
_ 3.460 - 10~°M £ 766 - 10-5M
C(T: 1) = 60 = D.

Calculation of ZnPc aggregates (dimers) per T = 1 particle:

Cznpey _ 3.509 - 107°M
Cr=1) 5766 - 10-8M

= 60.8 ZnPc dimers or 120 monomers perT =1

55



Chapter 3

Volume of a T = 1 capsid:

V= — -1~ 713
31‘[r

rr=1) = 7 nm (inner radius)
4
V= 3 T (7- 1078 dm)3 = 1439 - 107241

Local concentration caused by one molecule per T = 1 capsid:

Na: 6.022 - 1023 molecules per mol

_ molecules
n= N,
n= _ = 0.166 - 10723 mol
6.022 - 1023 )

n_ 0.166 - 10723 mol 115 mM
Vo T 1439.10-2¢1 ™

One molecule inside a T = 1 particle causes a concentration around 1 mM.
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Chapter 4

Encapsulation of Enzyme Pathways in
Protein Compartments

The ability to design and mimic bacterial microcompartments can provide
valuable insight as to their role in Nature and how primitive organelles
evolved to enhance metabolic efficiency. Inspired by Nature, we demonstrate
the use of virus-like assemblies as model nanocompartments to investigate
the effects of confinement on enzyme activity. The compartmentalization of a
two-enzyme reaction pathway in virus-like assemblies led to an overall
enhancement in catalytic efficiency, likely due to the reduced inter-enzyme
distance and the restricted diffusion of substrate intermediates. We use
viruses as a nanocompartment to show that the confinement of a two-enzyme
reaction pathway leads to a significant enhancement in catalytic efficiency.

This chapter is submitted:
M. Brasch, R. M. Putri, M. S. T. Koay and ]. ]. L. M. Cornelissen; 2013
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4.1 Introduction

Compartmentalization occurs in living cells and is a critical feature in order to
ensure independent cellular reactions and transport, or to protect cells against
toxic intermediates.! It occurs at several scales, from molecular reaction chambers,
such as proteasomes, chaperons and ribosomes,? to eukaryotic organelles such as
peroxisomes, lysosomes and mitochondria. Recently, protein-based
microcompartments, named bacterial microcompartments (BMCs), have been
discovered in prokaryotic cells. BMCs are large polyhedral shell-like structures
composed entirely of proteins, with a diameter varying from 20-150 nm.3 4 Various
types and amounts of enzymes can be encapsulated into BMCs. The earliest
discovered BMC was the carboxysome, followed by metabolosomes and
encapsulins.* Carboxysomes encapsulate two metabolic enzymes, carbonic
anhydrase and ribulose biphosphate carboxylase monooxygenase (RuBisCo). Both
enzymes are involved in the uptake mechanism of carbon dioxide (CO3), resulting
in an increase of the CO; fixation rate.3-® Pores within the protein shell presumably
ensure restriction of non-charged molecules such as CO; and O, while negatively
charged molecules such as substrates and products of RuBisCo can pass through.*
Metabolosomes encapsulate enzymes which are involved in specific metabolic
processes, i.e. ethanolamine utilization (Eut) and propanediol utilization (Pdu). In
these cases compartmentalization ensures the restriction of toxic intermediates,
such as reactive aldehydes to reduce cytotoxicity, while regulating the enzyme
activity and increasing the reaction efficiency via substrate channeling.> 7 Until
now, encapsulins are the smallest reported BMC with a diameter of 20-24 nm.
They encapsulate either an iron-depending peroxidase or a protein related to the
iron transporter ferritin. It is reported that encapsulins encase those proteins to
either store ferrous ions or to prevent the formation and release of toxic
intermediates in the same way as reported for carboxysomes and metabolosomes.!
Formation of compartments around an enzyme has been found to lead to either a
change of enzyme efficiency due to confinement effects, rate enhancement by
substrate channeling, or protection of the cell from toxic intermediates or the
enzyme against degradation.b 3-4 6 89 Consequently, there is a growing interest in
mimicking the encapsulation of enzymes inside microcompartments using viral
protein cages,10-14 since they provide a reliable re-assembly mechanism and their
size is comparable to the smaller BMCs. Viral protein cages represent a promising
approach to perform multi-step reactions in a confined space, which is beneficial to
gain more information about the influence of confinement effects in reaction rates,
substrate exchange through protein compartments and their stability against
environmental changes.1416 To date, researchers have investigated the
encapsulation of multiple enzymes of the same species in different viral protein
cages, such as bacteriophages Qf,13 P2210 or MS2!4 and the cowpea chlorotic
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mottle virus (CCMV),1! to explore the influence of compartmentalization on the
enzymatic activity of the encapsulated enzymes. Overall the encapsulation of
multiple enzymes of the same species inside bacteriophages reveals very similar
enzymatic activities compared to the free enzymes in solution.1% 13,14 [n contrast,
enzymes encapsulated in CCMV show an overall increased activity compared to
free enzymes. In this case, it is remarkable that the largest increase in enzymatic
activity was achieved when only a single enzyme per capsid was encased.!! To the
best of our knowledge no encapsulation of two different enzymes performing a
multi-step or cascade reaction inside viral protein cages has been reported.
Consequently, very little is known about the influence of compartmentalization on
enzymatic cascades and the induced changes in either enzymatic activity or
substrate channeling. Studying these effects is key to understand
compartmentalized cascades such as the ones present in BMCs. To mimic the
function of BMCs, we use CCMV as a model protein microcompartment to
encapsulate two different enzymes within its interior, in order to 1) investigate
whether substrate intermediates are entrapped inside, 2) to study the effects of
confinement on enzyme activity and 3) to provide a general strategy for successful
encapsulation of multiple enzymes of different types inside CCMV.

The CCMV capsid is composed of 180 identical coat proteins (CP) each 20 kDa,
which self-assemble into icosahedral VLPs. Two different self-assembly strategies
are possible. The first strategy to form VLPs is based on protein-protein interaction
at low pH (5) and high ionic strength (I > 1 M). In this case the cargo does not need
to provide any surface charges and gets randomly encapsulated. The assemblies
resulting from this are a mixture of empty and filled VLPs. In the second strategy,
the positively charged N-terminus of the CP assembles around negatively charged
cargo and forms a smaller VLP (ie. with an outer diameter of 18 nm) at pH 7.5 of
60 CPs. These assemblies are driven by ionic-charge compensation and result in
VLPs that always encapsulate a cargo.17-19 CCMV VLPs that are formed by ionic-
charge compensation are highly stable against temperatures up to 65 °C and pH
values between 5 and 7.5.19 20 Moreover, they present pores of 2 nm in diameter
which allow substrate exchange with the surrounding solution.!8 12 These qualities
make CCMV VLPs suitable for material encapsulation, even for enzymes
performing reactions at elevated temperature and a wide range of pH values.21. 22
We choose two different enzyme-DNA hybrids for the encapsulation into CCMV
VLPs. The first enzyme-hybrid system (GOx-DNAzyme) consists of glucose oxidase
(GOx) coupled to a DNAzyme. GOx is a 160 kDa dimeric protein with a diameter of
8 nm,23 which catalyzes the oxidation of glucose to gluconic acid and hydrogen
peroxide (H202) as a by-product.2 The DNAzyme is a guanine-rich nucleic acid
sequence, which in the presence of hemin folds into a supramolecular structure
with biocatalytic activity, mimicking the well-known enzyme horseradish
peroxidase (HRP).2+ 25 The DNAzyme catalyzes the decomposition of H,0O> in the
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presence of an electron donor. One of the commonly used electron donors is 2,2-
azinobis(3-ethylbenzothiozoline)-6-sulfonic acid (ABTS?), which turns from
colorless to the green ABTS" radical, and is used for the quantification of H,0;
production in enzymatic reactions.> 2628 The advantage of the GOx-DNAzyme-
hybrid system is not only the decomposition of the side product H,0, which can be
followed by the oxidation of ABTS? at A = 410 nm, but also the release of the
produced gluconic acid. The production of gluconic acid can be quantified by an
additional cascade reaction involving two enzymes, gluconic kinase (GCK) and 6-
phosphogluconate dehydrogenase (6-PGDH). The resulting NADPH formation can
be used to quantify the amount of produced gluconic acid. The second hybrid
system (GOx-GCK) consists of GOx coupled to gluconate kinase (GCK). GCK is a 38.8
kDa homodimeric protein and phosphorylates gluconic acid, produced by GOx, to
D-gluconate-6-phosphate. The latter can diffuse into the bulk solution where 6-
PGDH oxidizes it to ribulose-5-P involving the production of NADPH, which can be
monitored at A = 340 nm.2%-32 The advantage of this GOx-GCK-hybrid system is that
the product of GOx can be directly passed to GCK without diffusion over the
protein pores. In both presented enzyme-hybrid systems, the influence of enzyme
ratios and/or substrate channeling in enzymatic multi-step reactions under
compartmentalized condition can be investigated and provide a model system for
natural microcompartments. A schematic model of our multi-enzyme nanoreactor
and the multi-step reactions performed within is provided in Figure 4.1.

4.2 Results and discussion
4.2.1 Enzyme-hybrids system: (A) GOx-DNA, (B) GCK-DNA, (C) GOx-GCK

Different methods for the coupling of single stranded DNA (ssDNA) to enzymes are
described in literature.1% 33. 3¢ Those synthetic descriptions served as guideline in
order to synthesize our two enzyme-DNA hybrid systems, GOx-DNAzyme and GOx-
GCK as illustrated in Figure 4.2. First, lysine groups available at the outer surface of
GOx or GCK (Figure 4.2A and 4.2B) were functionalized with a bifunctional linker
(Sulfo-EMCS linker) containing a succinamide moiety, which reacts with amine
groups, and a maleimide moiety, which reacts with thiol groups. Second, thiol-
functionalized DNA sequences were added to either linker-functionalized enzyme
to obtain DNA functionalized enzymes. For the first system, the GOx-DNAzyme-
hybrid, a guanine-rich DNA sequence was chosen, which in the presence of hemin
self-assembles into a supramolecular structure with biocatalytic activity, herein
referred to as DNAzyme (Figure 4.2A). To prepare the second enzyme-DNA hybrid
system a DNA sequence complementary to the DNAzyme sequence (csDNA) was
chosen to functionalize GCK, the complementary hybridization of GOx-DNAzyme
(Figure 4.2A) and GCK-csDNA (Figure 4.2B) leads to the GOx-GCK-hybrid (Figure
4.2C).
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Figure 4.1. A model for the
CCMV capsid and the schematic
representation of the enzyme
cascade reactions studied inside
CCMV.

(A) Structural representation of
the CCMV capsid, emphasizing
the diameter of the interior, the
shell wall and the pore.

(B) Schematic overview of the
enzymatic cascade reaction by
GOx-DNAzyme, which is
composed of GOx (shown as a
blue square), which is
covalently functionalized with
DNAzyme (shown as a green
square). GOx oxidizes glucose to
H202 and gluconolactone inside
the CCMV capsid (represented
as a black dashed line). H202 is
either consumed at the interior

by the DNAzyme, which
catalyzes the oxidation of
ABTS2- into ABTS-- (green

pathway) or can diffuse out of
the capsid and is subsequently
consumed at the exterior by
catalase (red pathway). The
second intermediate,
gluconolactone, spontaneously
hydrolyzes to gluconic acid.
Gluconic acid is then
phosphorylated at the exterior
of the CCMV capsid by GCK (in
the presence of ATP) to form D-
gluconate-6-P (orange
pathway). The 6-PGDH then
catalyzes the oxidative
decarboxylation of D-gluconate-
6-P to ribulose-5-P and CO2
with simultaneous reduction of
NADP+ to NADPH (black
pathway). The formation of both
ABTS-- and NADPH can be
followed spectroscopically to
determine the apparent Kinetic
parameters.

(C) A model for the enzymatic
cascade reaction performed by
DNA functionalized GOx (blue),
which is connected to csDNA
functionalized GCK (orange) via
hybridization (GOx-GCK). The

enzymatic pathway for the conversion of glucose to D-gluconate-6-P occurs at the interior of the
CCMV capsids whereas the conversion of D-gluconate-6-P into ribulose-5-P occurs at the exterior

of the CCMV capsid.
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Figure 4.2. Schematic representation of the reaction scheme for the covalent coupling of (A)
ssDNA to GOx leading to the formation of GOx-ssDNA, (B) the complementary csDNA to GCK
leading to the formation of csDNA-GCK. (C) DNA hybridization of the two functionalized
enzymes, GOx-ssDNA and csDNA-GCK leads to the formation of GOx-GCK.

The successful coupling of the DNA sequence to the enzymes of choice and the
removal of excess GCK in the case of GOx-GCK hybrid formation was confirmed by
gel analysis as illustrated in Figure 4.3. The first lane (A) in the SDS-PAGE gel
shows three bands for the GOx-DNAzyme-hybrid, which can be identified as GOx in
its dimeric (160 kDa) and monomeric (80 kDa) form. The second lane (B) in the
SDS-PAGE-gel shows bands for monomeric (19.4 kDa) and dimeric (38.8 kDa) GCK.
The third lane (C) shows two bands. The first band represents GOx and the second
band represents monomeric GCK (Figure 4.3 (left), lane (A-C)). Since coomassie
staining provides only reliable information about the presence of protein and not
the presence of DNA, a 1% agarose gel was prepared, which allows the specific
staining for DNA in the GOx-DNAzyme hybrid, GCK-csDNA and the GOx-GCK hybrid
(Figure 4.3 (right), lanes (A-C)). In the first lane (A), successful functionalization of
GOx with SH-DNAzyme was confirmed by the presence of two bands. The first
band represented dimeric GOx and the second band monomeric GOx, both
functionalized with DNAzyme. (Figure 4.3, lane (A)) The second lane shows the
GCK functionalized with c¢sDNA. The monomeric and dimeric form of
functionalized GCK could not be resolved since they do not migrate into the
agarose gel, presumably because of the charged compensation between GCK and
DNA. However, the third lane (C) shows the hybridized GOx-DNAzyme and GCK-
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csDNA, indicated by two bands. The bands migrate slower than the GOx-DNAzyme-
hybrid and faster than the band assigned to GCK-csDNA, indicating the complex
formation of GOx-GCK-hybrid. At this stage it could not be determined if 1 : 1
hybridization between GOx-DNAzyme and GCK-csDNA was achieved, because of
the smeared appearance of the bands. Most importantly, all enzymes were
successfully functionalized with the desired DNA sequence and the excess of DNA
could be efficiently removed by repeated centrifugal filtration steps, otherwise a
specific band for the DNA sequence would be present in the agarose gel as
indicated in lane 4, containing only ssDNA of 21 nucleotides (Figure 4.3 (right),

lane 4).
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Figure 4.3. Gel analysis of enzyme-hybrids. Lane (A): GOx-DNAzyme-hybrid, lane (B): GCK-
csDNA, lane (C): GOx-GCK-hybrid, lane 4: ss-DNA sequence. (left) 12% SDS-PAGE gel after
coomassie staining and imaged under white light, (right) 1% Agarose gel after DNA-staining and
imaged under UV-light.

4.2.2 Encapsulation of enzyme-hybrids: purification and characterization

The ssDNA has negative charges and can be used to trigger encapsulation (Figure
4.4A) or to functionalize enzymes via sulfo-NHS coupling. The attached DNA causes
an overall negatively charged enzyme-hybrid surface, which interacts with the
positively charged N-terminus of the CP. The electrostatic interaction results in an
ionic-charge compensation, which induces the self-assembly process of CP around
the negatively charged enzyme-DNA hybrid surface resulting in VLPs. This concept
of protein encapsulation4 was used in order to encapsulate GOx-DNAzyme-hybrid,
GCK-csDNA and GOx-GCK-hybrid into CCMV VLPs as illustrated in Figure 4.4A -
4.4D, respectively.
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Figure 4.4. Encapsulation of enzyme-hybrid composed of up to two coupled biocatalysts inside
CCMV capsids. Enzymes are chemically modified with negatively charged ssDNA tags, which
induce the spontaneous self-assembly of CP into icosahedral capsids at pH 7.5, while enclosing
the enzymes at their interior. Encapsulation of (A) ssDNAs, (B) GOx functionalized with ssDNA
(GOx-DNA), (C) GCK functionalized with the complementary ssDNA (GCK-csDNA) or (D) GOx
conjugated to GCK (GOx-GCK) via hybridization of the coupled ssDNA and csDNA, respectively.
The ssDNA sequences fold in the presence of hemin into catalytic active DNAzymes.

The enzyme-filled CCMV capsids were purified by size-exclusion chromatography.
The elution volume (12 mL), together with the absorbance ratio (260/280 nm) > 1,
are characteristic features of intact CCMV capsids containing DNA-based cargoes
(Figure 4.5A - 4.5D). Non-encapsulated material such as GOx elutes at 16 mL and
GCK together with CP at 18 mL (Figure 4.5B - 4.5D). Negatively stained
transmission electron microscopy (TEM) of the purified capsids showed well-
defined T =1 and T = 2 particles, as determined by the Casper-Klug triangulation
(T) number,35 confirming the morphology of the virus assemblies (Figure 4.5E -
4.5H). Further analysis by dynamic light scattering (DLS) also confirmed the
assembly of intact CCMV capsids (Figure 4.51 - 4.5L).

Control experiments were performed to confirm the encapsulation of GOx-
DNAzyme, GCK-csDNA and GOx-GCK into CCMV-capsids induced by the attached
DNA tags. Therefore, non-functionalized GOx or GCK were incubated with CP at pH
7.5 and analyzed by FPLC. The chromatogram for GOx incubated with CP shows
two elution peaks at 16 mL and 18 mL, which are assigned to GOx and CP,
respectively (Figure 4.6A). The chromatogram for GCK and CP incubation shows
only one elution peak at 18 mL (Figure 4.6B) assigned to GCK and CP. These results
indicate that non-functionalized enzymes do not get encapsulated in a measurable
amount.
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Figure 4.5. Characterization of encapsulated biocatalysts inside CCMV capsids by size-exclusion
chromatography (SEC), transmission electron micrographs (TEM) and dynamic light scattering
(DLS) of the corresponding purified materials. The eluting material was detected at A = 280 nm,
A =260 nm and A = 450 nm, the strongest absorbance peaks representative for proteins, DNA
and flavin molecules inside GOx, respectively. FPLC purification of intact CCMV capsids filled
with (A) DNAzyme, (B) GOx-DNAzyme, (C) GCK-csDNA and (D) GOx-GCK eluting around 12 mL
and their corresponding negatively stained transmission electron micrographs (E), (F), (G) and
(H), respectively. Non-encapsulated GOx elutes at 16 mL and GCK together with CP at 18 mL. The
DLS results confirm the intact CCMV capsids formation for (I) DNAzyme, (J) GOx-DNAzyme, (K)
GCK-csDNA and (L) GOx-GCK, respectively.
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Figure 4.6. SEC-chromatograms of (A) a mixture of GOx and CP, eluting at 16 mL and 18 mlL,
respectively and (B) a mixture of GCK and CP, eluting both at 18 mL.

The concentrations of GOx, GCK and DNAzyme were estimated by UV-Vis
spectroscopy, SDS-PAGE densitometry and western blot analysis (Appendix and
Figure 4.7). For the western blot immunostaining, a mixture of primary antibodies
against GOx and GCK was used. A HRP-linked secondary antibody was used to
visualize the antibody binding by chemiluminescence. The analysis of the obtained
images proved the co-existence of both enzymes GOx and GCK in GOx-GCK-hybrid
filled VLPs, visualized by two bands, assigned to GOx and GCK, respectively and is
illustrated in Figure 4.7A, lane D. These findings are supported by comparing the
observed band with bands of further samples containing a mixture of non-
functionalized GOx and non-functionalized, encapsulated GOx-DNAzyme or GCK-
csDNA and a mixture of GOx-DNAzyme with GCK-csDNA (Figure 4.7A). Lane A
showed two bands, where the upper band represents non-functionalized GOx (1
uM) and the lower non-functionalized GCK (1 pM). In lane B a single band is visible,
assigned to GOx, since no other enzymes are present in this sample. Lane C shows a
single band, which indicates the presence of GCK in the formed GCK-csDNA VLPs.
The last sample, a mixture of both GOx-DNAzyme and GCK-csDNA4, is represented
in lane E and showed four bands. The upper indicates GOx and the lowest GCK,
while the bands in the middle might refer to non-functionalized GOx, when
compared to the band obtained for non-functionalized GOx and GCK-csDNA as
previously observed for non-encapsulated GCK-csDNA analysis (Figure 4.3, lane B,
left)). Another explanation for those bands might as well be different states of
hybridization between GOx-DNAzyme and GCK-csDNA, since the excess of non-
hybridized GCK-csDNA was successfully removed by repeated centrifugal
filtration, as described in Section 4.2.1. The image of the western-blot analysis
reveals further information about the ratio of the incorporated enzymes by
comparing the band intensities. While an equal amount of GOx to GCK was
achieved for the solution containing non-encapsulated and non-functionalized
enzymes (lane A), a higher concentration of GOx-DNAzyme compared to GCK-
csDNA is present in both, encapsulated (lane D) and non-encapsulated GOx-GCK-
hybrid samples (lane E). The detection of CP by immunostaining was unsuccessful,
since CP did not transfer from the SDS-PAGE gel to the polyvinylidene fluoride
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(PVDF) membrane as illustrated by subsequently coomassie-staining of the SDS-
PAGE gel. A single band around 20 kDa was detected characteristic for CP staying
on the SDS-PAGE gel (Figure 4.7B).

In summary, the presented results show so far three different achievements. First,
the successful functionalization of two enzymes, GOx and GCK, with a short DNA
sequence of 21 nucleotides, second, the hybridization of those two enzymes into an
enzyme complex GOx-GCK and third, the successful encapsulation of either GOx-
DNAzyme-hybrid or GOx-GCK-hybrid into VLPs, driven by the DNA attached to the
enzymes.
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Figure 4.7. (A) western-blot with immunostaining by incubating the PVDF membrane first with a
mixture of primary antibodies against GOx and GCK. The detection of the primary antibodies
was realized by the incubation with HRP-linked secondary antibody, which catalyzes a
chemiluminescent reaction. (B) Coomassie-staining of the SDS-PAGE gel after the transfer onto
PVDF membrane, showing still CP.

4.2.3 Kinetics of encapsulated metabolic pathways

To prove the permeability of the capsid for the substrates involved in the
metabolic pathway performed by the GOx-DNAzyme system, we encapsulated the
DNAzyme while keeping the GOx in the outer medium. In this way, both H,0, and
ABTS must cross the capsid barrier to reach the DNAzyme and participate in the
production of ABTS~. In order to examine the effect of confinement on the reaction
rate of this construction we measured the production of ABTS- in time for systems
where either the DNAzyme or the full pathway composed of GOx-DNAzyme is
confined. The apparent kinetic parameters, Kuapp. and Vmaxapp. Were determined
using Michaelis-Menten analysis. The system with confined DNAzyme showed
similar Kwmapp. and Kcagapp. values compared to the system with non-confined
DNAzyme, indicating that neither the diffusion of the substrate nor the
confinement influence the reaction rates. However, when the full pathway is
confined, the Kwm,app. value increases by about a factor of 2, compared to non-
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confined GOx-DNAzyme. This increase is most likely caused by the protein shell
acting as a diffusion barrier for glucose. In addition, the apparent turn-over rate
(Kcatapp.) of the confined GOx-DNAzyme system was twice as high as the Keagapp. Of
the non-confined system (Figure 4.8A). This can be expected because the
frequency of collision with surrounding molecules is much higher under crowded
conditions and these collisions favor the formation of product resulting in an
enhancement of the forward reaction rate Keaapp.3® There is the remaining
question of whether the H;0; is consumed faster at the interior than it can diffuse
out of the capsid. To test this possibility, we added the enzyme catalase to a
solution of encapsulated GOx-DNAzyme. We observed that the production of ABTS~
was almost completely suppressed, which suggest that a large fraction of H,0, can
escape out of the capsid before it is consumed by the DNAzyme (Figure 9).

The excess of H;0; can degrade the hemin and consequently inactivate the
catalytic activity of the DNAzyme, which then results in a lower production of
ABTS~ and influences the Ku,app. and Kea,app parameters.

To avoid this situation, we followed the formation of gluconolactone, a different
product of GOx, by the action of two auxiliary enzymes (GCK and 6-PGDH), that
eventually produce NADPH, which can be monitored spectroscopically. Both
auxiliary enzymes possess high affinities to their substrates. The reported Ky value
for GCK is 0.02 mM37 and for 6-PGDH is 0.01 mM.2> To test the permeability of the
capsid for the product gluconolactone, we encapsulated GOx-DNA while keeping
GCK and 6-PGDH in the bulk solution. In order for NADPH to form in this system,
glucose must enter the protein cage and gluconolactone has to diffuse out (Figure
4.1B). We analyzed the kinetic parameters to study the influence of confined and
crowded conditions on these encapsulated enzymes. The values of Kv.app. and Keatapp
for the encapsulated GOx-DNA system exceed the corresponding values for the
non-confined GOx-DNA system by a factor of 3 and 2.6, respectively. Additionally,
Km,app. and Kearapp. increase by a factor of 2 for non-confined GOx-DNA when
compared to non-confined native GOx (Figure 4.8B). These results show that
confined and crowded conditions improves the catalytic turn-over number but
decrease the substrate affinity, which is most likely caused by the diffusion of the
substrate through a crowded environment formed by multiple DNA tags around
the enzyme and the interior of the protein shell itself. Furthermore, the effective
concentration of enzymes and substances increases inside the confinement of a
protein cage and therefore the kinetics change, likely due to more collision events.
To study the influence of a crowded environment on the Kinetics, we reduced the
amount of DNA-tags coupled to the enzymes. Subsequently, the kinetics of three
different systems were studied, 1) confined GCK-csDNA in the presence of non-
confined GOx and 6-PGDH, 2) confined GOx-DNA in the presence of non-confined
GCK and 6-PGDH and 3) confined GOx in the presence of confined GCK and non-
confined 6-PGDH.
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Figure 4.8. Kinetics of glucose conversion measured by either ABTS and/or NADPH in the
presence of CCMV capsid filled with one enzyme or two different enzymes, which are involved in
the metabolic pathway of glucose. Solid curves show the best fit using the Michaelis-Menten
equation. The apparent parameters for KM, Vmax and kcat are shown in the table beside the
plots. The concentrations of GOx and DNAzyme were estimated by UV-Vis spectroscopy,a,b SDS-
PAGE densitometry analysisa and western blot.e,f The Kcat,app. is calculated using [GOx]
values.d (A) Kinetics of glucose conversions measured by ABTS assay in the presence of free GOx
and encapsulated DNAzyme (®), free GOx and free DNAzyme (M), free GOx-DNAzyme (A) or
encapsulated GOx-DNAzyme (®). (B) Kinetics of glucose conversions measured by NADPH assay
in the presence of free GOx (®), free GOx-DNAzyme (A) or encapsulated GOx-DNAzyme (®). (C)
Kinetics of glucose conversions measured by NADPH assay in the presence of free GOx and
encapsulated GCK-csDNA (»), encapsulated GOx-DNA and free GCK (@), encapsulated GOx-DNA
and encapsulated GCK-csDNA (V), free GOx-GCK (€) or encapsulated GOx-GCK (M).
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Figure 4.9. Monitoring the formation of ABTS radical at A = 410 nm over 3h as a result of the
production of Hz0: at different glucose concentration catalyzed by encapsulated GOx-DNAzyme.
(A) Consumption of Hz0: at the capsid interior by the DNAzyme, which catalyzes the oxidation of
ABTS? into ABTS radical. (B) Consumption of H:0: at the capsid exterior by catalase. (C)
Consumption of H:0: by the internal DNAzyme after inactivation of the external catalase, by
reducing the pH from 7.5 to pH 5.

In all these systems the substrate for either GOx or GCK must penetrate through
the capsid shell to get converted at the interior of the capsid while the resulting
product must escape out to be available for the next enzyme in the cascade
reaction. The Kw,app. and Keatapp. values for all three systems are quite similar to each
other (Figure 4.8C). However, the Kwmapp. and Kcatapp 0f the GOx-DNA confined
system , which presents a larger amount of DNA tags per GOx, (Figure 4.8B) are 2.4
and 4.6 times lower, respectively. This shows that a crowded medium indeed
influences the diffusion of the substrates and consequently the kinetic parameters.
Finally, we encapsulated both enzymes GOx-GCK inside CCMV-capsid, while
keeping the third enzyme, 6-PGDH, in the bulk medium. This experiment allowed
us to investigate if the productivity of a confined metabolic pathway increases
when the distance between the enzymes is minimized. The Kwpp. was found to be
similar, whereas Kcaapp. was found to be about 5-times higher when compared to
the results obtained for the confined single enzymes systems, functionalized with a
minimum amount of DNA-tags (Figure 4.8C). These results confirm that a reduced
distance between two enzymes of the same metabolic cascade, realized by
confinement, indeed enhances the productivity. This can be explained by direct
consumption of the intermediate of the first enzymes by the second enzyme
without crossing the capsid shell, which otherwise would influence the kinetics as
shown earlier. Moreover, the confinement causes a higher effective concentration
of substrates, intermediates and enzymes resulting in presumably more collisions
between them and favors the formation of product resulting in an enhanced
forward reaction rate, which has been seen before for the GOx-DNAzyme pathway
involving the ABTS production.
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4.3 Conclusions

The controlled encapsulation of two different enzyme cascades, GOx-DNAzyme and
GOx-GCK, inside virus-like capsids is reported. These capsids filled with enzymes
involved in a enzymatic pathway serve as a model system for cellular
microcompartments. The formation of either ABTS radicals or NADPH prove not
only that the enzymes are active at the interior of CCMV-capsids but also that all
substrates, intermediates and products involved in the metabolic pathway can
diffuse freely in an out. The small volume of CCMV-capsids leads to a higher
effective concentration of enzymes and substrates, enhancing their productivity
compared to non-confined enzyme cascades. The capsids shell and the DNA-tags,
which are attached to the enzymes, represent a diffusion barrier, which affects the
substrate binding affinity but does not retain substrates, metabolic intermediates
nor products at the interior, and these observations differs from results reported
for BMCs. By decreasing the amount of DNA-tags attached to the enzymes, the
binding affinity for the substrate was increased, proving the influence of crowded
environments towards kinetic parameters. The enzymatic pathway benefits from
compartmentalization, because the confinement of the enzymes and their
substrates results not only in an increase in their local concentrations but also in
the ability to consume the metabolic intermediates before they escape through the
protein barrier into the outer medium. This might lower the presence of toxic
intermediates in the bulk solution. Interfering or competing pathways can be
avoided when metabolic intermediates are consumed at the capsid interior.
Consequently, confining metabolic pathways into microcompartments by using
chemical or engineered based methods might improve the performance of
pathways and may provide fundamental information about the efficiency of
metabolic reactions inside living cells as well as the need of confinement.
Moreover, we demonstrated an effective strategy of using complementary ssDNA
for the controlled encapsulation of two enzymes in virus-like assemblies.
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4.5 Experimental

4.5.1 Materials

The  bifunctional cross-linker  sulfo-EMCS  (N-[e-maleimidocaproyloxy]
sulfosuccinimide ester) was purchased from Pierce. Oligonucleotides were
synthesized by eurofins MWG Operaton. The sequences of the oligomers are for
the DNAzyme: 5'-HS-(CH2)s-GGGTAGGGCGGGTTGGGTTTT-3" and for the csDNA:
5'-HS-(CH2)s-AAAACCCAACCCGCCCTACCC-3'.  D-Gluconate/D-Glucono-&-lactone
assay was purchased from Megazyme and contain amongst others the following
chemicals: nicotinamide-adenine dinucleotide phosphate (NADP+), adenosine-5'-
triphosphate  (ATP), gluconate kinase (GCK) and 6-phosphogluconate
dehydrogenase (6-PGDH). All other chemicals, including glucose oxidase (GOx
from Aspergillus niger), catalase (from bovine liver), ABTS (2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt), PBS buffer (phosphate
buffered saline (0.138 M NacCl, 0.0027 M KCl, pH 7.4)), salts and solvents were
purchased from Sigma-Aldrich or Fluka and used as received unless explicitly
noted. A hemin (5 mM) stock solution was prepared in DMSO and stored in the
dark at 4 °C. The substrates (glucose, mannose, galactose, ABTS and catalase) were
dissolved in 50 mM Tris-HCI buffer containing 100 mM KCI at pH 7.5. Gel loading
dye (6x) from BioLabs New England contains 2.5 % Ficoll 400, 11 mM EDTA, 3.3
mM Tris-HCI, 0.017 % SDS, 0.015 % bromophenol blue, pH 8.0. The purification
and characterization of the Cowpea Chlorotic Mottle Virus (CCMV), the removal of
its RNA and the isolation of the coat protein (CP) were carried out according to
literature procedures.’® Water was purified and deionized (MQ water, resistivity
of 18.2 MQcm-1). The buffer was adjusted with 1 M NaOH or 5 mM HCI to the
desired pH. All reactions were carried out at room temperature unless stated
otherwise.

4.5.2 Methods
Size-exclusion chromatography (SEC):

SEC was performed using GE Healthcare FPLC Akta purifier 900 combined with
fraction collector Frac-950. Samples were purified over a preparative column
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superose 6 10/100 GL (GE Healthcare) with a 24 mL bed volume. Samples were
injected over a 500 pL injection loop.

Transmission Electron Microscopy (TEM):

The samples were examined in an analytical FEG-TEM (Phillips CM 30) operated at
300 kV acceleration voltages. For the sample preparation 5 pL of the desired
sample were applied onto Formvar-carbon coated grids. After 1 min, the excess of
liquid was drained using a piece of filter paper. Uranyl acetate (5 pL, 1% w/v) was
added and the excess of liquid was drained after 20 sec. The grid was dried for 30
min at room temperature.

UV-Vis spectroscopy:

UV-Vis spectra were recorded on a Varian Cary 300 UV-Vis spectrometer by using
a quartz cuvette with 3 mm path length. Absorbance measurements related to
ABTS or Gluconic-acid assays were performed in a 96 well plate (greiner, flat-
bottom, transparent) using a Tecan i-control infinite 200 PRO microplate reader.

SDS-PAGE:

Samples (10 pL) were mixed with 2x samples buffer (10 pL, 125 mM Tris-HCI, 20%
(v/v) glycerol, 5% SDS, 0.02% bromophenol blue, pH 6.8 and 10% -
mercaptoethanol) and heated at 99 °C for 10 min. Samples were separated on a
SDS-Page gel containing 6% stacking gel and a 12% resolving gel using a constant
current of 100 V for approximately 2 h. Gels were stained with coomassie blue or
silver staining. Images were taken on a ISOGEN Life Science ULTIMA 10 si
instrument and imaged using ProXima AQ-4 software.

Agarose gel:

A 20 pl aliquot of sample was mixed with 4 pL gel loading dye and loaded into a 1%
agarose gel (w/v) in electrophoresis buffer (40 mM Tris, 20 mM acetic acid, 1 mM
EDTA, pH 7.6). The samples were electrophoresed at 4 °C for 90 min at 80 V in a
horizontal gel apparatus (peolab). The samples were then stained in a Bio-safe™
Coomassie G-250 stain solution and visualized on a ISOGEN Life Science ULTIMA
10 si instrument and imaged using ProXima AQ-4 software.

Western blot:

The specific antibodys for GOx and GCK are commercially available. GCK rabbit
antibody was obtained from NeoCorp and glucose oxidase antibody from
ScienceVision. Both antibodies were diluted 5000 times. The assay were
performed as commonly described in literature, for example online by CHEMICON
INTERNATIONAL, Introduction to antibodies 274 edition.
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Preparation of GOx-DNAzyme-hybrid:

DNA (100 pM) was dissolved in PBS (10 mM, pH 7.4) containing additional DTT (2
mM). The solution was incubated for 3 h at RT to reduce any disulfide groups to
thiol groups. The excess of DTT was removed by exchanging the solution 6 times
against PBS buffer using Amicon Ultra centrifugal filters (10K MWCO). To test if all
DTT was successfully removed, 20 pL Ni(II)-sulfate (100 uM) were added to 10 pL
filtrate, a transparent color indicates a DTT free solution, whereas a brown-yellow
color indicates DTT contamination, in which case the exchanging of PBS was
repeated. To prepare a cross-linker modified GOx, a solution of GOx (2 uM) and
sulfo-EMCS (100 uM) in PBS (10 mM, pH 7.4) was incubated for 1 h at RT. The
excess of sulfo-EMCS was removed by exchanging the solution 5 times against PBS
buffer using Amicon Ultra centrifugal filters (30K MWCO). Modified GOx (2 pM)
was mixed with thiolated-DNAyzme (100 pM) in a 2:1 (v/v) ratio and incubated for
1 h at RT (stored at 4 °C overnight, if necessary). The excess of DNA was removed
by exchanging the solution 6 times against PBS buffer using Amicon Ultra
centrifugal filters (30K MWCO). The filtrates were tested for DNA contamination
by measuring the specific UV-Vis absorbance for DNA at A = 260 nm. Only if no
signal at A = 260 nm was observed the removal of uncoupled DNAzyme was
completed. Before the GOx-DNAzyme was used for further experiments, the PBS
buffer was exchanged against Tris-HCl buffer (50 mM, NaCl (100 mM), MgCl; (10
mM), DTT (0.2 mM), pH 7.5).

Preparation of GCK-csDNA:

csDNA (100 uM) was dissolved in PBS (10 mM, pH 7.4) containing additional DTT
(2 mM). The solution was incubated for 3 h at RT to reduce any disulfide groups to
thiol groups. The excess of DTT was removed by exchanging the solution 6x
against PBS buffer using Amicon Ultra centrifugal filters (10K MWCO). To test if all
DTT was successfully removed, 20 pL Ni(II)-sulfate (100 uM) were added to 10 pL
filtrate, a transparent color indicates a DTT free solution, whereas a brown-yellow
color indicates DTT contamination, in which case the exchanging of PBS was
repeated. To prepare a cross-linker modified GCK, a solution of GCK (1 mL) and
sulfo-EMCS (100 uM) in PBS (10 mM, pH 7.4) was incubated for 1 h at RT. The
excess of sulfo-EMCS was removed by exchanging the solution 5 times against PBS
buffer using Amicon Ultra centrifugal filters (30K MWCO). Modified GCK was
mixed with thiolated-DNAyzme (100 pM) in a 2:1 (v/v) ratio and incubated for 1 h
at RT (stored at 4 °C overnight, if necessary). The excess of DNA was removed by
exchanging the solution 6x against PBS buffer using Amicon Ultra centrifugal filters
(30K MWCO). The filtrates were tested for DNA contamination by measuring the
specific UV-Vis absorbance for DNA at A = 260 nm. Only if no signal at A = 260 nm
was observed the removal of uncoupled csDNA was completed. Before the GCK-
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csDNA was used for further experiments, the PBS buffer was exchanged against
Tris-HCl buffer (50 mM, NaCl (100 mM), MgCl; (10 mM), DTT (0.2 mM), pH 7.5).

Preparation of GOx-GCK-hybrid:

Purified GOx-DNAzyme and GCK-csDNA were mixed in a 1 : 1 (v/v) ratio and
incubated at 27 °C for 1h and subsequently cooled down to 20 °C to induce
hybridization between the two complementary DNA strands. The excess of GCK-
csDNA was removed by repetitive centrifugal filtration using Amicon Ultra
centrifugal filter (50K MWCO). The successful removal of excess of GCK-csDNA or
non-functionalized GCK was followed by absorbance measurements at 280 nm.
Only when no signal at 260 nm in the filtration was observed the purification was
finished and the supernatant used for further experiments. Before the GOx-GCK-
hybrid was used for further experiments, the PBS buffer was exchanged against
Tris-HCl buffer (50 mM, NaCl (100 mM), MgCl; (10 mM), DTT (0.2 mM), pH 7.5).

Encapsulated DNAzyme, GOx-DNAzyme, GCK-csDNA and GOx-GCK in virus-like
particles (VLPs):

Capsid protein was dialyzed against assembly buffer (Tris-HCl (250 mM), NaCl
(500 mM), MgCl; (50 mM), DTT (1 mM) pH 7.5) to obtain dimeric coat proteins
(CP) (500 puM). In order to encapsulate DNAzyme, GOx-DNAzyme, GCK-csDNA and
GOx-GCK into VPLs, the PBS buffers of DNAzyme, GOx-DNAzyme, GCK-csDNA and
GOx-GCK were exchanged against MQ using Amicon Ultra centrifugal filters (30K
or 10K MWCO) before DNAzyme, GOx-DNAzyme, GCK-csDNA and GOx-GCK and CP
(assembly buffer) were mixed in a 4:1 (v/v) ratio and incubated for 2h at 4 °C.
DNAzyme, GOx-DNAzyme, GCK-csDNA and GOx-GCK loaded VLPs were then
purified by size-exclusion chromatography (SEC) over a superose 6 10/100 GL (GE
Healthcare) column with 24 mL bed volume and 500 pL injection volume at RT. A
5x diluted assembly buffer was used as elution buffer (Tris-HCl (50 mM), NaCl
(100 mM), MgCl; (10 mM), DTT (0.5 mM) pH 7.5). The GOx-DNA loaded VLPs as
well as the DNAzyme loaded VLPs were eluted at 12.5 mL by a flow rate of 0.8
mL/min. Fractions corresponding to DNAzyme, GOx-DNAzyme, GCK-csDNA and
GOx-GCK loaded VLPs were combined and used for analysis by SDS-Page, Agarose
and Western blot as well as for further experiments, such as kinetic studies in
nanoconfinement.

Kinetic data of free or encapsulated coupled and non-coupled GOx-DNAzymes in the
presence or absence of catalase: ABTS assay

Substrate solutions containing various substrates concentrations (0-1 M of
glucose, mannose or galactose) and ABTS (4 mM) or ABTS (4 mM) / catalase (10
uM) were incubated for 3 h at RT. Separately, four different enzyme solutions were
prepared and incubated at RT for 2 h. The enzyme solution contains either (1) free
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GOx-DNAzyme (30 pL), (2) encapsulated GOx-DNAzyme (30 puL) and hemin (30 pL,
5 puM) or (3) free DNAzyme (30 pL), (4) encapsulated DNAzyme (30 pL), GOx (15
pL, 1 uM) and hemin (15 pL, 10 pM). The reaction was started by adding 120 pL of
substrate to 60 pL enzyme solution. Fast after initiation, the conversion of ABTS to
ABTS* radical cation was followed by recording the absorbance at A = 410 nm in
intervals of 100 sec at 27 °C over 2 h. The activity of free and encapsulated GOx-
DNAzyme were tested for all three substrates, whereas the activity of free and
encapsulated DNAzyme in the presence of GOx were only tested for glucose as
substrate. Additionally, the activities of all four enzymes solutions, which
contained glucose as substrate, were tested in the presence of catalase. All
experiments were compared with a control experiment (background) composed of
the same volume of hemin, substrate solutions, ABTS or ABTS/catalase.

Reactivation of free or encapsulated coupled and non-coupled GOx-DNAzymes in the
presents of catalase: ABTS assay

Substrate solutions containing various glucose concentrations (0-1 M) and ABTS (4
mM) or ABTS (4 mM) / catalase (10 uM) were incubated for 3 h at RT. Separately,
two different enzyme solutions were prepared and incubated at RT for 2 h. The
enzyme solution contains either (1) free GOx-DNAzyme (30 upL) or (2)
encapsulated GOx-DNAzyme (30 pL) with hemin (30 pL, 5 uM). The reaction was
started by adding 120 pL of substrate to 60 pL enzyme solution. Immediately after
initiation, the conversion of ABTS to ABTS+ radical cation was followed by
recording the absorbance at A = 410 nm in intervals of 100 seconds at 27 °C over 1
h. Catalase containing samples do not show any signal at A = 410 nm, because most
of the produced H;0; is consumed by the catalase and is no longer available for the
DNAzyme. In order to inactivate the catalase the pH of the assay was droped to pH
3-4 by adding a few drops of gluconic acid solution (2 M) after 1h recording. The
pH of the used gluconic acid solution was adjusted before with acetic acid to pH 2-
3. After the inactivation of catalase the conversion of ABTS to ABTS* radical cation
was followed for 2 h longer. All experiments were compared with a control
experiment (background) composed of the same volume of hemin, substrate
solutions, ABTS or ABTS/catalase.

Kinetic data of free or encapsulated coupled and non-coupled GOx-DNAzymes:
Gluconic-acid assay.

Substrate solutions, containing various glucose concentrations (0-1 M, 180 pl) and
3 uL GCK (365 U/ml) were prepared. Separately, four different enzyme solutions
were prepared and incubated at RT for 2h. The enzyme solution contains either (1)
free GOx-DNAzyme (30 uL), (2) encapsulated GOx-DNAzyme (30 pL) and hemin
(30 puL, 5 uM) or (3) free DNAzyme (30 pL), (4) encapsulated DNAzyme (30 pL),
GOx (15 pL, 1 pM) and hemin (15 pL, 10 pM). Additionally 2 pL 6-PGDH (55 U/mL)
and 20 pl of a solution containing NADP* (16.1 mM) and ATP (69.4 mM) at pH 7.5
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were added to all enzyme solution. The reaction was started by adding 120 pL of
substrate solution to 82 pL enzyme solution. Immediately after initiation, the
formation of reduced NADPH was followed by recording the absorbance at A = 340
nm in intervals of 100 sec at 27 °C. All experiments were compared with a control
experiment (background) composed of the same volume of hemin and substrate
solutions.

Kinetic data of free or encapsulated coupled and non-coupled GOx-GCK: Gluconic-
acid assay.

Substrate solutions containing various glucose concentrations (0-1 M, 180 pL)
were prepared. Separately, six different enzyme solutions were prepared and
incubated at RT for 2 h. The enzyme solution contains either (1) free GOx-GCK (60
uL), (2) encapsulated GOx-GCK (60 pL), (3) free GOx (30 pL) and free GCK (30 pL),
(4) encapsulated GOx (30 pL) and encapsulated GCK (30 pL), (5) free GOx (30 uL)
and encapsulated GCK (30 pL) and (6) encapsulated GOx (30 pL) and free GOx (30
uL). Additionally 2 pl 6-PGDH (55 U/mL) and 20 pL of a solution containing NADP+
(16.1 mM) and ATP (69.4 mM) at pH 7.5 were added to all enzyme solution. The
reaction was started by adding 120 pL of substrate solution to 82 pL enzyme
aolution. Immediately after initiation, the formation of reduced NADPH was
followed by recording the absorbance at A = 340 nm in intervals of 100 sec at 27
°C. All experiments were compared with a control experiment (background)
composed of the same volume of hemin and substrate solutions.

Data treatment

First, the corresponding control experiments were subtracted from the raw data of
the experiments. Second, the absorbance values of ABTS* (A = 410 nm) or NADPH
(A = 340 nm) were converted into concentration values of ABTS+ or NADPH and
plotted against the time and last, the velocity (v (uM/min)) was determined.
Therefore, the plots ([ABTS+ or NADPH] vs. time were first smoothed by using the
Savitzky-Golay method and then differentiated to identify the slope maxima
representing the velocity value. The velocity values were multiplied by a dilution
factor (DF) related to the enzyme (GOx) as well as with a proportionality factor (p)
of ABTS to substrate consumption. The corrected modified velocity data were then
used to determine the kinetic parameters (maximum velocity (Vmaxapp) and
apparent Michaelis-Menten constant, (Kmapp)), both by direct fits of Michaelis-
Menten equation and by Eadie-Hoftsee plot using OriginPro 8.6 software
(OriginLab Corp. Northampton, MA, USA) which does linear and nonlinear
regression. The catalytic constant (Kcatapp) was determined by dividing Vimax,app with
the enzyme concentration [E]. The enzyme concentration was estimated by SDS-
PAGE and UV-Vis spectroscopy.
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Example of Vinax,apps Kmapp and Keasapp calculations:
(D Concentration (uM): Abs(ABTS* or NADPH) =c-d - ¢

&: extinction coefficients of ABTS* (€410nm = 36000 M1 - cm!) or NADPH (&340nm =
6300 M1 . cm-1)[2], Abs: absorbance of ABTS+ or of NADPH, d: 0.5 cm path length of
filled well-plate.

(2) Velocity (uM/min): y-axis: [ABTS+* or NADPH]; x-axis: time
velocity (v (UM/min)): [ABTS* (uM) or NADPH (uM)] = v (uM/min) - time (min)

(3) Taking dilution factors (DF) of enzyme (GOx) and proportionality (p) of
substrates into consideration: Vo (MM/min) =v (uM/min) - DF - p;

d[Glu 1 d[ABTS d[ABTS
(v = 6] _ 1 dI4BTS]  dlaBTS])
dt 2 dt dt

(4) Plot to determine Viaxapp and Kmapp: vy (LM/min) vs. [substrate] (uM)

(5) Fitting of data set with non-linear curve fit (Michaelis-Menten equation):

Vo = M; with K app (M) and Vinaxapp (LM/min)
Km,app *+ 151

(6) kcat,app (1/m1n) = Vmax,app (uM/mln) / [GOX] (HM)
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4.6 Appendix

4.6.1

Absorbance (a.u.)

Appendix:
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Appendix. Estimation of the overall GOx concentration by UV-Vis spectroscopy for GOx, GOx-
DNA and GOx-DNA filled VLPs (A) with calibration line for GOx (B and C) and by SDS-PAGE

densitometry for GOx, GOx-DNA and GOx-DNA filled VLPs (D) with calibration line for GOx (E).
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Chapter 5

Molecular Weight Sensitive
Encapsulation of a Conjugated
Polyelectrolyte in Virus-like Protein
Structures

In this chapter the encapsulation of a conjugated polyelectrolyte poly[(2-
methoxy-5-propyloxy sulfonate)-phenyl-ene vinylene] (MPS-PPV) into
Cowpea Chlorotic Mottle Virus (CCMV) capsids is studied. To achieve maximal
shielding of the polymer from the outer environment CCMV coat proteins
encapsulate the MPS-PPV polymer either in single virus-like particles (VLPs)
or in aggregates with more than two VLPs. In the latter case, high molecular
mass and an extended MPS-PPV chain conformation seem to be the reason for
the formation of aggregates composed of VLPs.

This chapter is published:
M. Brasch and ]. ]. L. M. Cornelissen; Chem Commum; 2012; 48; 1446-1448
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5.1 Introduction

Biomolecules that self-assemble into precisely shaped containers with a defined
size are of growing interest in nanotechnology. In particular, viruses represent
some of the most diverse, robust yet adaptable nanoparticles found in nature. The
self-assembly of the virus capsid proteins protects its contents from extreme
surroundings (e.g. pH and temperature) and ensures highly efficient delivery of its
cargo. Devoid of their native DNA, virus-like particles (VLPs) are composed of virus
coat proteins that assemble into empty non-infectious capsids.!-3 VLPs have been
used to encapsulate biomaterials, such as proteins*8 or enzymes,” as well as
synthetic materials, e.g. micelles!? or anionic polymers.11 12 While the virus shell
often retains its native spherical morphology, the VLP size can be dictated by the
encapsulated cargo material. Cowpea Chlorotic Mottle Virus (CCMV) is one
exceptional example that exhibits the ability to self-assemble into either spherical
or rod-like structures.!3 CCMV is an icosahedral virus that is composed of 180
identical coat proteins. Under defined conditions of pH and ionic strength, CCMV
self-assembles either into empty native spherical capsids with an external
diameter of 27 nm or in the presence of polyanionic materials, such as negatively
charged polymers, into artificial spherical or tubular structures with an external
diameter of 18 - 27 nm.3 This chapter describes the use of conjugated polymers as
template to induce assembly of CCMV into different hierarchical architectures. In
particular, the extended or coiled nature of a conjugated, rod-like polyelectrolyte,
poly[(2-methoxy-5-propyloxy sulfonate)-phenyl-ene vinylene] (MPS-PPV) (Ry = 26
nm)4 was investigated to determine if the polymer backbone could direct CCMV
assembly into a rod-like structure. Such structures have been reported in the past
for DNA®5-17 and could potentially lead to different polymer arrangements (e.g. the
polymer chain can be encapsulated either in its stretched or its coiled state) and
therefore may exhibit unique optical properties.
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5.2 Results and discussion

5.2.1 Characterization of non-encapsulated MPS-PPV polymer

The bare non-encapsulated MPS-PPV polymer (purchased from Sigma Aldrich,
0.25 wt. % in H;0) was analyzed by size-exclusion chromatography and UV-Vis
Spectroscopy to obtain more information about its polydispersity and the optical
properties. The MPS-PPV polymer elutes between 7-10 mL, based on the
characteristic n-electron transitions of MPS-PPV at A = 440 nm, 370 nm and 295

nm (Figure 5.1).18-20
/
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Figure 5.1. Size-exclusion chromatogram of non-encapsulated MPS-PPV. Inset: schematic
representation illustrating that high molecular mass polymers elute at low elution volumes,
whereas low molecular mass polymers elute at high elution volumes.

Although the MPS-PPV polymer eluted as a single peak, each isolated fraction was
expected to contain a different ratio of high-to-low molecular mass polymer which
enabled studies of the individual optical properties. The higher molecular mass
polymer shows a characteristic absorbance maximum at A = 440 nm whereas the
low molecular mass polymer exhibits an absorbance maximum at A = 370 nm.
Therefore, the peak ratio of optical density (440) / O0.D. (370) gives a good
indication of the relative amounts of short or long polymer chains and can be used
to estimate the polymer composition in each fraction. As expected, the initial
fraction volumes (7.1 mL - 8.5 mL) exhibited a higher absorbance at A = 440 nm
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compared to A = 370 nm, indicating that higher molecular mass species elute
earlier. In the elution range (8.5 mL - 9.5 mL), the absorbance at A = 440 nm
gradually decreased until the absorbance at A = 370 nm reached the same
intensity, indicating the elution of shorter MPS-PPV chains (Figure 5.2).
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Figure 5.2. UV-visible absorbance spectra of size-exclusion chromatography (SEC) purified MPS-
PPV fractions. In the left graph the absorbance spectra of the SEC fractions ranging from 6.5 to
8.5 mL are plotted and in the right graph the absorbance spectra of the SEC fractions ranging
from 8.5 - 10.3 mL. Depending on the SEC fractions containing different molecular mass of MPS-
PPV a different ratio of the absorbance maxima are visible. The different colors only represent
the peak intensity caused by higher concentrated samples.

While the peak ratio of 0.D. (440) / 0.D. (370) correlated to the relative amounts of
short or long polymer chains, the relative peak intensity at A = 295 nm also
provided information about the polymer length. By comparison of the relative
peak ratios at 0.D. (295) / 0.D. (440) or 0.D. (295) / 0.D. (370), it was found that a

relative ratio below 1.5 indicated higher molecular mass chains, whereas a relative
ratio above 1.5 indicated shorter chains (Figure 5.3).
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Figure 5.3. Plot of the relative absorbance ratios for MPS-PPV (A = 295 nm, 440 nm or A = 370
nm) as a function of the elution volume as determined by size-exclusion chromatography.
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5.2.2 Characterization of different VLPs morphologies encapsulating MPS-
PPV

The native CCMV is composed of 180 identical virus coat protein (CP) subunits,
which assemble around the RNA to form a T = 3 icosahedral capsid with an
external diameter of 27 nm. Devoid of its native RNA, the CCMV capsid can be
disassembled into CP dimers (at pH 7.5 and an ionic strength higher than 0.3 M)
and then reassembled in the presence of negatively charged materials to form T =
1 VLPs with an average external diameter of 18 nm.3 10. 21 In this chapter, the
encapsulation of MPS-PPV in VLPs at pH 7.5 not only led to single T = 1 VLPs
(herein referred to as free particles, FP) but also to clusters of more than two T=1
VLPs (herein referred to as aggregated particles, AP) and is illustrated in Figure
5.4. To understand which parameters control the formation of FP or AP, the nature
of these assemblies was investigated further to determine whether the molecular
weight of the polymer dictates the particle size and whether this process can be
controlled.

SO;Na

MPS-PPV + CP FP AP

Figure 5.4. Schematic representation for the template-directed assembly of MPS-PPV into either
free CCMV particles (FP) or aggregated CCMV particles (AP).

To investigate the influence of MPS-PPV towards FP or AP assembly and whether
adjusting the template-to-protein ratio could control the two different assembly
pathways, two sets of experiments were performed. In the first set of experiments,
the concentration of MPS-PPV was kept constant while varying the concentration
of CP. A series of encapsulation studies was performed in the presence of MPS-PPV
(100 pg/mL) and various CP concentrations (100-5000 pg/mL). Upon
encapsulation, the samples were purified by size-exclusion chromatography (SEC),
monitoring at A =451 nm for the MPS-PPV, and A = 260, 280 nm for the virus
protein. Three elution peaks at 8.5 mL, 12.5 mL and 18.5 mL were resolved
(monitoring at all three wavelengths), indicating the successful encapsulation of
the polymer in VLPs (Figure 5.5A). Transmission electron microscopy (TEM)
measurements were performed to determine the morphology of the assemblies
corresponding to the fractions at 8.5 mL and 12.5 mL. TEM revealed clustered,
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chain-like AP and individual T = 1 VLPs for the fractions at 8.5 and 12.5 mL,
respectively (Figure 5.6). The relative elution volume for each fraction is consistent
with their apparent molecular masses and all VLPs were within the expected size
range of T = 1 particles (18 nm in diameter) based on TEM. The third peak at V =
18.5 mL corresponds to unassembled, dimeric CP. Furthermore, increasing the
concentration of CP did not result in the exclusive formation of FP. In all samples
both species, AP and FP, were found (Figure 5.5A).
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Figure 5.5. Size-exclusion chromatography for the encapsulation of MPS-PPV in CCMV in the
presence of (A) MPS-PPV (100 pg/mL) and increasing CP concentration, (B) CP (4000 pg/mL)
and increasing MPS-PPV concentration, monitoring at A = 260 nm; A = 280 nm (CP) and A = 451
nm (MPS-PPV).

The relative ratios of AP, FP and CP were determined by integrating the size
exclusion chromatograms at A = 280 nm, since both the polymer and the CP absorb
at this wavelength. The integrated areas were plotted as a function of CP
concentration (Figure 5.7). At very low CP concentration (100 pg/mL), more FP
are observed whereas at higher CP concentration, more AP are observed.
Nevertheless, in both cases, the ratio between AP (B) and FP (®) formation
approach a constant value, which is independent of CP concentration, indicating
that all polymer material is encapsulated, leaving the excess of unassembled,
dimeric CP (A).
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Figure 5.6. Transmission Electron Microscopy images of the purified fractions of (A) AP and (B)
FP.
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Figure 5.7. Relative ratios of AP, FP and excess CP as a function of CP concentration. The relative
ratios were determined by integration of the size exclusion chromatograms at A = 280 nm.

The higher yield of FP formation at low CP concentration suggests that FP
formation is more favorable at limiting CP concentrations (ie. under conditions
where there is insufficient CP to encapsulate all the polymer material). However, in
the presence of excess CP, more specifically five times excess of CP, the entire
polymer material is encapsulated either into FP or AP. In particular, low molecular
mass polymers appear to be preferentially encapsulated in FP to form well-
defined, individual protein assemblies. By comparison, AP contain excess of high
molecular mass polymers, composed of protein shell assemblies that appear to be
linked by extended polymer chains spanning from one particle into the next. To
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study the stability of FP and AP, both species were isolated and analyzed again by
SEC after 30 days (Figure 5.8). However no clear shift in equilibrium was observed
between FP and AP, suggesting that both species form highly stable morphological
assemblies.

3% (nm): 280, 260, 451
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20 FP
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Figure 5.8. Time-course studies by size-exclusion chromatography of FP (top) and AP (bottom)
show that the particles are stable and remain intact after 30 days.

Since a protein : polymer ratio of 5 : 1 was found to be optimal to encapsulate the
entire polymer, further investigations were conducted to study how these
assemblies behave under conditions of limited CP and conditions whereby the
protein : polymer ratio is less than 5 : 1. For these studies, a series of samples
containing CP (4000 pg/mL) and various concentration of MPS-PPV, varied from
25 pg/mLto 1250 pg/mL was prepard.t

Quantitative analysis by size-exclusion chromatography showed that the formation
of AP continuously increases with increasing polymer concentration whereas FP
formation increases until an optimal polymer concentration of 500 pg/mL (Figure
5.9). This suggests that at this polymer concentration there is insufficient CP
available to encapsulate the entire polymer material into either FP or AP. Overall, it
appears that CP initially encapsulates polymer material with low molecular mass
(preferentially forming FP), before encapsulating higher molecular mass polymer
to form the less favorable AP.

T The ratio between MPS-PPV and CP concentration overlaps with the previous series of samples and
serves as an internal control to ensure first that the entire polymer is either encapsulated in FP or AP as
long as the CP concentration is at least 5 times higher than the polymer concentration and second, that
the previous observed phenomena are not depending on the concentrations of the compounds to each
other, but rather on the ratio of the concentrations between CP and MPS-PPV.
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Figure 5.9. Absolute values of each species, AP, FP and CP calculated from the SEC data (A = 280
nm). Samples containing CP (4000 pg/mL) and various [MPS-PPV].

Overall, these results indicate that the most efficient ratio for complete
encapsulation of MPS-PPV into FP and AP is approximately 1 pg/mL MPS-PPV to 5
pg/mL CP. However, the exact mechanism of this complex assembly behavior still
remains unclear. Given that both species are stable over a period of at least 30
days, the formation of thermodynamically stable species is suggested.

5.2.3 Spectroscopic analysis of purified FP and AP

Purified FP and AP containing MPS-PPV were characterized by UV-visible
spectroscopy. As for the non-encapsulated polymer, the characteristic absorbance
peaks at A=440 nm, 370 nm and 295 nm were detected for both FP and AP
species, confirming the presence of the MPS-PPV polymer (Figure 5.10). For FP, the
absorbance spectra shows two bands of equal intensity (Asz7o = Aso), which is
consistent with the presence of low molecular mass MPS-PPV polymer whereas,
the absorbance spectra for AP shows two bands with Aso > As7o, which is
consistent with the presence of high molecular mass polymer. Overall, this
indicates that FP contains shorter MPV-PPS polymer fragments compared to AP,
which is in agreement with TEM measurements which showed individual T = 1
particles in FP and clustered particles in AP.
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Figure 5.10. UV-visible spectra of purified (A) FP and (B) AP encapsulated MPS-PPV.

For encapsulated MPS-PPV, a significant difference in relative ratios of 0.D. (295) /
0.D. (440) and 0.D. (295) / 0.D. (370) was observed for AP and FP. For 0.D. (295) /
0.D. (440), a ratio of approximately 1.2-1.4 was found for AP, whereas for FP this
ratio was between 2.0-2.4 (Figure 5.11). Overall, these results show that the
different ratios in absorbance are related to the relative molecular weight, and
moreover, confirms that FP predominantly contains low molecular mass polymer
compared to the AP.
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Figure 5.11. The absorbance ratio of FP compared to AP at A = 295/440 nm or 295/370 nm as a
function of different MPS-PPV concentrations. The estimated error in the data is < 5%.
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5.2.4 Conformation of MPS-PPV in FP and AP

The conformation of MPS-PPV chains has been reported to vary from extended (i.e.
more conjugated) to coiled structures, depending on the environment.22-28 The two
conformations can be distinguished by their fluorescence emission spectra, which
show a blue-shift for the coiled structure compared to that of extended structures.
To study whether the chains of MPS-PPV are extended or coiled inside AP and FP,
the emission spectra were measured showing signals centered at A = 560 nm and
535 nm, respectively (Figure 5.12A and B).
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Figure 5.12. Fluorescence emission spectra of MPS-PPV encapsulated in CCMV as (A) AP and (B)
FP.

The observed blue-shift towards A = 535 nm confirmed that the MPS-PPV polymer
adopts a more coiled conformation within FP. Together with TEM and DLS (Figure
5.3A and Appendix A1, respectively), this suggests that MPS-PPV is likely to be
fully encapsulated inside individual particles. By comparison, the AP particles
appear to accommodate more stretched polymer chains, as indicated by the
fluorescence emission maximum at A = 560 nm. This suggests that the polymer
chains extend through the protein shell, leading to exposure of polymer to the
external environment. This is also consistent with TEM and DLS measurements
(Figure 5.3B and Appendix A2, respectively), which indicate average diameters of
AP to be between 20-120 nm.

In the case of AP, since the MPS-PPV polymer is partially exposed to solvent, it was
expected that the polymer backbone should be more accessible to small molecules
(such as fluorescence quenchers), compared to MPS-PPV that is fully encapsulated
in FP. To test this, the fluorescence spectra of AP and FP were measured in the
presence of methyl viologen (MV?2*) (Figure 5.13A and B, respectively).2% 30
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Figure 5.13. Fluorescence emission spectra of MPS-PPV encapsulated as (A) AP and (B) FP in the
presence of methyl viologen (MV?2+), Excitation wavelength Aex = 451 nm.

The optimal amount of the small fluorescence quencher (MVZ*) was found to be
approximately 0.5 mM and was determined by adding different concentrations of
quencher to different concentrations of non-encapsulated MPS-PPV (Appendix B).
Upon addition of MV2* to AP, the fluorescence emission was quenched ~70% and a
blue-shift to A = 535 nm was observed (Figure 5.13A). However, addition of MV2+
to FP shows a decreased quenching efficiency (~25%) and no blue-shift (Figure
5.13B). This confirms that the MPS-PPV polymer is more accessible to small
quenching molecules, such as MV2+* in the case of AP but is substantially less
accessible in FP, in which the entire MPS-PPV is encapsulated inside. This can be
quantified by the Stern-Volmer fluorescence quenching constant (Ksv),3! which
provides information about the quenching rates. Here, Ksy was determined to be
2-10M1and 1-10% M- for AP and FP, respectively. The Ksy for free MPS-PPV is
approximately 2.7 - 107 M-! (Figure 5.14). In both cases, this also confirms that the
polymer is still partially protected from small molecules such as MV?2+, since both
Ksv values (for AP and FP) are 10 times lower than the Ksy value for free MPS-
PPV.11 It is possible that AP also encapsulates some shorter MPS-PPV polymer
chains, which are fully protected from the outside environment and are not
quenched by MV?* present in solution. Upon fluorescence quenching of the
extended polymer chains by external MV?+, the fluorescence signal from shorter
encapsulated polymer chains remains unaffected and hence causes a blue-shift in
the fluorescence emission spectra of AP. Whether a dynamic or static quenching
process occurs could not be determined, it is expected that a dynamic quenching
process would show a concentration-dependent change in both the emission
intensity and fluorescence lifetime. In contrast, static quenching would only exhibit
a decrease in fluorescence emission spectra upon increasing the quencher
concentration whereas the lifetime would be expected to remain unaffected since
the unassociated fluorophores still emit.
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Figure 5.14. Stern-Volmer plot for quenching of the fluorescence of MPS-PPV (repeating units)
encapsulated in AP and FP and for non-encapsulated MPS-PPV.

5.3 Conclusions

Here, it is shown that highly conjugated rigid polymers, such as MPS-PPV, can be
encapsulated into VLPs. However, in contrast to the expected template-driven
assembly, MPS-PPV encapsulation appears to be directed by a virus-driven
process, leading to the formation of individual free particles (FP) and clustered
aggregated particles (AP) instead of rod-like assemblies. Based on the
spectroscopic analyses, FPs are derived from the encapsulation of coiled-up,
shorter MPS-PPV polymer chains whereas AP accommodates more extended
polymers of higher molecular mass. The delicate interplay between polymer
conformation and capsid protein assembly results in an unexpected selection of
molecular weight distributions, where longer conjugated MPS-PPV chains cannot
sufficiently coil to be accommodated in a single VLP. This does not result in a
morphology change of the protein assembly (e.g. from spheres to rods),15-17 but
instead leads to the clustering of VLPs. This is further evidenced by fluorescence
quenching studies, whereby methyl viologen was shown to efficiently quench the
fluorescence of AP due to the presence of more solvent-exposed MPS-PPV polymer
chains. Although there are spectroscopic differences in the polymer conjugation
length in AP and FP, VLP assembly does not influence the polymer structure
substantially (unlike DNA-chromophore hybrid materials).l? The controlled
encapsulation of guest materials in VLPs is of great interest for applications in
bionanomedicine. In particular, understanding the size and morphology of VLPs is
of importance since cellular uptake is dependent on the particle size32 and its
surface chemistry.2
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5.5 Experimental

5.5.1 Materials

The growth and purification of the native CCMV virus, including the removal of
RNA and isolation of the coat protein (CP) were performed according to literature
procedures.? The purity of the CCMV virus CP was confirmed by size exclusion
chromatography (SEC), SDS-PAGE and UV-Vis spectroscopy. Poly[5-methoxy-2-(3-
sulfopropoxy)-1,4-phenylenevinylene] potassium salt solution (MPS-PPV) 0.25 wt.
% in H,0 was purchased from Sigma Aldrich and used without further purification.
All chemicals used for the preparation of buffers were of analytical grade quality
and all buffers were prepared in ultrapure (Milli-Q) water.

5.5.2 Methods

Encapsulation of MPS-PPV into CCMV:

Different concentrations of MPS-PPV (stock solution: 2500 pg/mL) were prepared
in 50 mM Tris-HCI buffer, 0.3 M NaCl, 1 mM DTT (pH 7.5) and a solution of the CP
(8 mg/mL) in the same buffer was added. The resulting solutions were incubated
for 1 h at 4 °C on a roller bank to ensure mixing. After incubation, the samples
(including a reference containing only CP) were purified and analyzed at room
temperature by size exclusion chromatography (100 pL injection volume),
monitoring at A = 260, 280 nm and 451 nm. 200 pL fractions were collected and
those corresponding to AP, FP or CP were further analyzed by TEM, UV-Vis
spectroscopy, DLS and fluorescence spectroscopy.

Size-exclusion chromatography (SEC):

SEC was performed using the following buffers: 50 mM Tris-HCl, 0.3 M NaCl and 1
mM DTT (pH 7.5) and the GE Healthcare FPLC Akta purifier 900 combined with
fraction collector Frac-950. Samples were injected into a 100 pL injection loop and
purified over a preparative column Superose 6 10/100 GL (GE Healthcare) with a
24 mL bed volume. UV-Vis spectra were recorded using a Perkin Elmer Lambda
850 UV spectrophotometer.

Transmission Electron Microscopy (TEM):

All TEM samples were examined using an analytical FEG-TEM (Phillips CM 30)
operated at 300 kV acceleration voltage. For sample preparation, 5 pL of protein
sample were applied onto Formvar-carbon coated grids. After depositing, the
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sample was left to incubate for 1 min before removing the excess liquid using a
piece of filter paper. Uranyl acetate (5 pL, 1% w/v) was deposited on the carbon
grid and the excess liquid was removed after 20 sec. The grid was left to dry for 30
min at room temperature.

UV-Vis spectroscopy:
UV-Vis spectra were recorded on a Varian Cary 300 UV-Vis spectrometer by using
a quartz cuvette with 3 mm path length.

Fluorescence measurements:
Fluorescence spectra were recorded on a Perkin Elmer LS55 Fluorescence
spectrometer by using a quartz cuvette with 3 mm path length.

Dynamic light scattering (DLS):

A cell inside the DLS-setup was filled with 600 pL of solution containing either AP
or FP. All DLS measurements were performed on a particle analyser Zetatrac UIT
autotitrator from Anaspec. Samples were measured and the size distribution of the
capsids was determined by measuring their diameter for more than 80 counts,
unless otherwise stated.
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5.6 Appendix

5.6.1 Appendix A: DLS of AP and FP after size exclusion purification

DLS results show that the size distribution of AP and FP does not vary with
MPS-PPV concentration (in the range of 100 - 1250 pg/mL). In all measurements,
the diameter of APs ranged from 20 - 120 nm (Figure A1) whereas FP were 10 -
30 nm (Figure A2).
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Appendix A. Dynamic light scattering (DLS) measurements of purified (1) AP and (2) FP after
size-exclusion chromatography (based on a starting [MPS-PPV] = 100-1250 pg/mL). Note: the
measuring range of the instrument is divided into fixed “channels” or particle sizes. Particle
sizes were identified on the x-scale (in nm).
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5.6.2 Appendix B: Quenching studies of MPS-PPV with MV2+

Fluorescence emission spectra of MPS-PPV (concentration range from 12.5 pg/mL
to 625 pg/mL) were recorded after the addition of the fluorescence quencher,
methyl viologen (MV2+) (Figure B1). The fluorescence emission intensity of MPS-
PPV was quenched almost 90% in the presence of 0.5 x 10-¢ M MV?+, followed by a
blue shift in the emission spectra from 560 nm to 512.5 nm (Figure B2). Plot of
fluorescence intensity at 533 nm (a.uw.) vs. [MPS-PPV] (pg/mL). Different
concentrations of MV2+ were added to show the most efficient quenching of MPS-
PPV. A concentration of 0.5 x 10-3 M MV2+ shows the highest efficiency and was
used for all further quenching studies.
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Appendix B. (1) Emission spectra of MPS-PPV after adding different concentration of MV2+ (2)
Plot of [MPS-PPV] (ng/mL) vs. fluorescence intensity at 533 nm (a.u.)
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Chapter 6

Photo-Triggered Cargo Release from
Virus-like Assemblies

There has been tremendous progress in the development of responsive
polymers that are programmed to respond to an external stimulus such as
light, pH and temperature. The unique combination of molecular packaging
followed by slow, controlled release of molecular cargo is of particular
importance for self-healing materials and the controlled release of drugs.
While much focus and progress remains centered around synthetic carriers,
viruses and virus-like particles can be considered ideal cargo carriers as they
are intrinsically designed to package, protect and deliver nucleic acid cargo
to host cells. In this chapter the encapsulation of a stimuli-responsive
self-immolative polymer within virus-like assemblies of Cowpea Chlorotic
Mottle Virus is described. Upon photo-irradiation, the self-immolative
polymer undergoes a head-to-tail depolymerization into its monomeric
subunits, resulting in the release of molecular cargo. It is proposed that the
liberated monomers are small enough to diffuse through the pores of the
virus capsid shell and offer an alternative strategy for the controlled loading
and unloading of molecular cargo using viruses as cargo carriers.

This chapter is published:
M. Brasch, I. K. Voets, M. S. T. Koay and ]. . L. M. Cornelissen; Faraday Discuss; 2013;
Accepted Manuscript: Phototriggered cargo release from virus-like assemblies.

105



Chapter 6

6.1 Introduction

Molecular cargo carriers such as nanoparticles,! polymersomes,2# colloids> and
lipid vesicles® have been of growing interest for applications in nanomedicine.” 8
More recently, “triggerable” self-immolative carriers which respond to external
stimuli such as light,%12 pH,1° and heat, have been developed for the controlled
release of drugs for “smart” biomaterials and hydrogels.13 Amongst the platforms
of synthetic carriers, the use of viruses as a vehicle for the controlled release of
molecular cargo has remained largely unexplored. Viruses and virus-like particles
(VLPs) are ideal alternatives as cargo carriers as they are intrinsically designed to
package, protect and deliver nucleic acid cargo to host cells. The capsids of
non-enveloped viruses are composed of multiple coat proteins that bear
N-terminal arginine (and lysine) rich motifs (ARMs) that provide important
electrostatic interactions necessary for the packaging of viral RNA. In some cases,
the viral genome can be replaced by another negatively-charged template to form
stable virus-like assemblies. A well-studied example is the virus capsid of the
Cowpea Chlorotic Mottle Virus (CCMV). CCMV is an icosahedral plant virus that
undergoes reversible self-assembly to form virus-like particles of 28 nm or smaller
18 nm diameter assemblies, as a function of pH and ionic strength. In the absence
of its native RNA, CCMV serves as an attractive scaffold and has been subsequently
used for the encapsulation of various functional materials.14-17

In this chapter, the encapsulation of a stimuli-responsive self-immolative polymer
(SIP) inside CCMV virus-like assemblies is investigated. Upon photo-irradiation,
the SIP head group is cleaved which initiates its irreversible depolymerization into
its monomeric building blocks (Figure 6.1, box). The released monomers are then
thought to be able to diffuse out of the pores of the CCMV capsid,!® and serve as a
model for the controlled release of molecular cargo from the inner cavity
(Figure 6.1). Furthermore, it is also of interest to investigate the disruption of the
template of assembled VLPs and the resulting consequences for the VLP shell.

. e encapsulation irradiation
> & atpH75 A =350 nm
< # i o - -

e »
LR A
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N .
HO Yo Yo e o HO, =
\—q-m \—<_=>>-m‘" 4 | irradiation | o o @ ,LQ‘"“Z '<%=“" 7
T\ A =350 nm e o © A\

HOOC HOOC HOOC HOOC /

Figure 6.1. Schematic representation of the encapsulation of the self-immolative polymer (SIP)
within Cowpea Chlorotic Mottle Virus (CCMV). Upon photo-irradiation, the encapsulated SIP
undergoes a head-to-tail depolymerization to form monomeric fragments, leading to the release
of molecular cargo from the inner cavity of CCMV.

106



Photo-Triggered Cargo Release from Virus-like Assemblies

6.2 Results and discussion

A diverse range of SIP structures has been reported, including alternation of the
backbone monomer, positively and negatively charged side groups attached to the
monomers, or differences in the trigger groups which response to enzymatic,1? 20
acid, basic!? and light stimuli.? 11.12 The selected SIP used in this study is composed
of multiple negatively charged monomers and a photo labile group as the stimulus-
responsive trigger. The removal of the trigger upon light irradiation induces a
spontaneous decarboxylation, resulting in the release of the trigger itself, ie. 5-
methoxy-2-nitrobenzyl alcohol, multiple monomers, i.e. azaquinone-methide, and
carbon dioxide. Although the negatively-charged SIP used in this chapter is quite
similar to one already reported in literature,!® the disassembly of the SIP was
characterized and studied independently since the backbone structure of the SIP
was modified slightly and all studies were performed in aqueous buffer solution
rather than in organic solvents, as reported in literature.

6.2.1 Characterization of self-immolative polymer (SIP)

The polymer, previously prepared by Sagi et al,!® was characterized by NMR
spectroscopy. Three relevant signals can be distinguished in the tH-NMR spectrum.
The first peak at 3.8 ppm represents three protons assigned to the methoxy group
of the photolabile trigger, the second peak at 4.4 ppm represents around 2 protons
assigned to the last monomer in the SIP chain and the third peak at 9.5 ppm is
assigned to the amide proton in the repeating monomer unit. However the labile
protons in an alcohol group (-OH) or amine groups (-NHz or -NH-) do not have
specific chemical shifts, their chemical shift depends on the concentration, solvent
and temperature. In a D0 exchange experiment the protons assigned to the amide
groups are exchanged by deuterium and the corresponding peaks disappear in the
TH-NMR spectra. The latter is a significant proof that indeed the peak at 9.5 ppm
results from the amide proton in the SIP structure (Appendix 1A). The integration
of the areas of the three peak and the comparison of their values to each other
allow an estimation of an average chain length of 22 monomers for the SIP (Figure
6.2).
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Figure 6.2. TH-NMR stectrum of SIP revealing an average of 22 monomers per SIP chain.

The ESI-mass spectra and the MALDI spectra showed different chain lengths for
SIP composed of 6 to 20 monomers per chain with a m/z of 1688 and 4735
respectively (Figure 6.3A and B, respectively). The latter is in agreement with the
estimated average of 20 monomers per chain found by NMR studies (Figure 6.2).
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Figure 6.3. (A) ESI-mass spectrum and (B) MALDI-mass spectrum of SIP show different chain
length composed of 6 to 20 monomers.

The detection of shorter SIP chains in the MALDI experiments might be caused by
the sample preparation and measurement itself, which can cause fragmentation of
the polymer chains. Nevertheless, in all fragments the additional mass of 182
g/mol assigned to the photo labile trigger was present when assuming a mass of
218 g/mol per SIP monomer, 57 g/mol per tert-butyl residue and 23 g/mol for the
sodium addent.
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6.2.2 Depolymerization of SIP after removal of photolabile trigger

The self-immolative polymer used in these studies is composed of multiple
negatively charged monomers and a photolabile 5-methoxy-2-nitrobenzyl alcohol
head group as the stimuli-responsive trigger. Upon irradiation, the SIP head group
is cleaved via a single-photon process, initiating the depolymerization into
azaquinone methide intermediates!® with the concomitant release of CO, (Figure
6.4).11. 21 The azaquinone intermediate subsequently reacts further with a
nucleophile to form the stable monomer. The depolymerization upon irradiation
reaction was monitored by 'H-NMR spectroscopy by following the changes in
selected chemical shifts, assigned to the aromatic region and the amide group in
the SIP (Figure 6.4).
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Figure 6.4.1H-NMR spectra of SIP before and during irradiation. Structural changes during the
irradiation at 330-400 nm for 2.5 h are depicted in the different spectra taken every 30 min.
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The depolymerization reaction was probed initially in DMSO-d¢ by irradiation at A
= 330-440 nm for 2.5 h and sampling every 30 min. Clear shifts of the signals at 6 =
9.5 ppm towards & = 9.0 ppm (NH protons 9 and NH; protons 8 in Figure 6.4,
respectively) are observed. This was further confirmed by amide H-D exchange
upon addition of D;0 for the longest irradiation time of 150 min (Appendix 1B).
The signals around 6 = 7.5 ppm (likely protons 5-7, Figure 6.4) clearly decreased in
intensity, while around 6 = 6.0 ppm new signals (likely 11, 12 and 16, Figure 6.4)
emerged. Based on the 'H-NMR spectroscopy the majority of the changes occurred
within 90 min.

The signal at 9.5 ppm, however which is representative for the amine group does
not disappear completely and indicates a non-complete depolymerization of SIP
chains into inactive monomers but also shorter SIP chains such as inactive dimers.
It is speculated that the latter reaction can occur when the alcohol group (-OH)
from the inactive monomer reacts with the active intermediate during the
disassembly process measured in DMSO. However, this reaction might be
suppressed when the disassembly process is carried out in a more polar solvent
such as aqueous buffer solutions.

Since the acrylic acid side chains in the self-immolative monomer units contribute
not only to the water solubility of the SIP, but also can provide a fluorescent
chromophore through conjugation with the aromatic amine, the depolymerization
process was monitored in aqueous solutions by both UV-Vis and fluorescence
spectroscopy. The SIP was dissolved in tris-HCI buffer at pH 7.5 and irradiated for
90 min. During this period samples were taken and analyzed by UV-Vis and
fluorescence spectroscopy. The non-irradiated solution showed an absorbance
peak around A = 270 nm, which is assigned to the self-immolative monomer units
and a shoulder around A = 345 nm corresponding to the trigger group, 5-methoxy-
2-nitrobenzyl alcohol.!! After irradiation, the peak at A = 270 nm disappeared
suggesting the depolymerization of SIP (Figure 6.5A). The trends in the optical
spectra are summarized in Figure 6.5B for A = 270 nm and A = 350 nm. Tentatively,
we can assign the spectral behavior at A = 270 nm by release of the monomers
(decreasing absorption) and at A = 350 nm by the increasing concentration of the
released nitroaromatic photocleavable group. Visually, the depolymerization was
observed as a color change (Figure 6.5C), with a concomitant change in solubility,
ie the irradiated samples for 60 min and 90 min showed a pellet after
centrifugation and a clear almost colorless supernatant (Figure 6.5C). According to
Figure 6.5B the majority of the absorbance A = 270 nm is to the same level already
after 15 mins.
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Figure 6.5. (A) UV-Vis absorbance spectra of the depolymerization process of SIP during light
irradiation. (B) Absorption at A = 270 nm (triangles) and at A = 350 nm (squares) as function of
irradiation times. (C) Color change of SIP solution during irradiation before (left) and after
(right) centrifugation.

The monomer absorption at A = 270 nm substantially decreased in the used buffer
solution, which makes these fragments unsuited to follow the depolymerization
reaction by fluorescence spectroscopy at an excitation wavelength of A = 270 nm.
The release of the nitroaromatic photocleavable group was monitored with this
technique using an excitation wavelength of A = 345 nm (Figure 6.6).
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Figure 6.6. Fluorescence emission spectra of SIP irradiated for 0, 15, 30, 60 and 90 min using an
excitation wavelength of A = 345 nm.
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After 15 min of irradiation the intensity of the signal at A = 490 nm decreases to
15%. The intensity of the signal decreases even further when the sample is
irradiated for 30 min. An even longer irradiation time (up to 90 min) leads to
insignificant changes in the fluorescence intensity of SIP. Note that the emission
spectra of samples irradiated for 60 and 90 min are taken from the supernatant
after the centrifugation step. This result in a minor increase in the emission spectra
compared to the spectra of 30 min irradiation and originates from soluble SIP
fragments composed of multiple monomers, because the monomer is insoluble
under the measured condition (Figure 6.6). Based on the presented data, it is clear
that the SIP depolymerizes upon irradiation at A = 350 nm into smaller, albeit not
all well-defined, fragments.

6.2.3 VLPs filled with SIP

To study the controlled release of cargo from virus-like particles upon
photo-irradiation, the negatively charged SIP was encapsulated in CCMV. For the
formation of SIP-filled CCMV, the SIP polymer was solubilized in the assembly
buffer at pH 7.5 and subsequently added to CCMV coat proteins in a 1:4 (v/v) ratio
and allowed to incubate overnight (see experimental). After purification of SIP-
CCMV by size-exclusion chromatography, the depolymerization was triggered by
irradiation at A= 350 nm and monitored using steady-state fluorescence
spectroscopy by following the release of the nitroaromatic photocleavable group
(Figure 6.1). Prior to irradiation, the self-immolative polymer exhibits an emission
peak centered at A = 490 nm, due to the aromatic backbone of the polymer (Figure
6.7A). Prior to irradiation, the fluorescence emission of the carbamate groups in
the self-immolative polymer is quenched, however, upon head-to-tail
depolymerization, the liberation of the monomer as the free amine leads to
restored fluorescence emission.!® 21 22 In our case, we observe a significant
decrease in fluorescence emission intensity after irradiation for 15 min and the
emission maximum is slightly blue-shifted towards A= 470 nm. Prolonged
irradiation for 90 min leads to a further 10 nm spectral shift towards the blue
region. Although we observe significant fluorescence quenching, it is possible that
during SIP depolymerization, some azaquinone methide intermediates react with
the ARMs of the CCMV coat protein that are present inside the virus-like capsid.
Nevertheless, a significant change in SIP fluorescence was observed upon photo-
irradiation, indicating cleavage of the photo-triggerable group and subsequent
depolymerization of the self-immolative polymer. After 90 min irradiation, no
change in fluorescence emission is observed, suggesting that the depolymerization
reaction is complete.10. 19-22
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Figure 6.7. (A) Fluorescence emission spectra of SIP-CCMV upon increasing irradiation time (i
= 0, 15, 30, 60, 90 min). (B) Size-exclusion chromatography of SIP-CCMV shows changes in
elution profile upon increasing irradiation time as monitored at A = 260 nm, 280 nm and A = 335
nm.

To confirm that depolymerization of SIP does indeed occur, and to determine
whether photo-irradiation of SIP-CCMV also triggers the disassembly of CCMV,
size-exclusion chromatography was performed at various time intervals (ti- = 0,
15, 30, 60, 90 min), monitoring at A = 260, 280 nm and A = 350 nm for CCMV
protein and the photo-triggerable group of SIP, respectively. In all cases a major
peak at 1.5 mL was observed, which is characteristic for T = 1 CCMV particles and
strongly suggests that CCMV does not disassemble during SIP depolymerization
(Figure 6.7B). Free, unassembled CCMV coat proteins typically elute at 18.5 mL
(Appendix 3). However, the absorbance peak intensity at 1.5 mL decreases upon
increasing irradiation, with the concomitant appearance of additional elution
peaks at > 2.2 mL (note: for clarity, the absorbance scale for the non-irradiated (i
= 0 min) samples is off-set compared to the irradiated samples). The peaks at > 2.2
mL exhibit a dominant absorbance at A = 260 (compared to 280 nm) and also a
weak absorbance at A =350 nm. The absorbance characteristics suggest that the
peaks at > 2.2 mL should be attributed to SIP-based material being released from
the CCMV particles rather than CCMV coat proteins, since CCMV typically exhibits a
dominant absorbance peak at 280 nm compared to 260 nm. After irradiation for
90 min, the elution profile remains unchanged, indicating that the
depolymerization is complete and no additional SIP fragments are released from
the CCMV particles. This is also consistent with the fluorescence measurements,
which showed no change in emission spectrum after 90 min of irradiation.

While size-exclusion chromatography indicated that the CCMV particles remain
intact, the resolution of separation is insufficient to detect small changes in size
and shape of the CCMV particles. Electrophoretic mobility shift assay (EMSA) is a
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quantitative technique that is often used to study protein-DNA interactions. This
technique has been shown to be useful for studying the mobility of virus-like
particles, since the migration is determined by molecular weight and the apparent
three-dimensional shape.23 Here, EMSA was used to study relative changes in
CCMV shape and molecular weight upon irradiation. Since the CCMV particle
formation is highly dependent on the molecular cargo inside,!* it was anticipated
that the loss of SIP fragments may be accompanied by morphological changes of
the CCMV particles. As expected, there is a distinct shift in CCMV migration upon
increasing irradiation times, indicating a gradual change in size of the CCMV
particles as SIP fragments are released (Figure 6.8A). Dynamic light scattering
(DLS) further confirmed a shift from T = 1 particles (18 nm) to smaller particles of
approximately 10 - 14 nm in size upon increasing irradiation time (Figure 6.8B).

A B . irradiation SIP filled VLPs (no Mg™)
601
350-
| O e e g
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SIP filled VLPs (no Mg*) 1]
u 10 100

diameter (nm)

Figure 6.8. Electrophoretic mobility shift assay of SIP-CCMV upon increasing irradiation time
and (B) dynamic light scattering shows the average particle size decreases upon increasing
irradiation time.

In a comparative study, SIP-CCMV was prepared and irradiated in the presence of
10 mM Mg?+. Previous studies have shown that divalent ions, such as Ca?*, can bind
to the pores of the native CCMV and have been implicated to induce contraction
and/or stabilization of the capsid shell.18 24 Here, we investigated whether Mg2*
can also stabilize the SIP-CCMV capsid during depolymerization and whether the
presence of Mg2* impairs cargo release. In the presence of Mg?* ions the
encapsulation of SIP into CCMV was more effective than in the presence of Ca2*
ions. Therefore, SIP-CCMV in the presence of 10 mM Mg?* was irradiated for 0, 15,
30, 60 and 90 min and purified by size-exclusion chromatography (Figure 6.9). No
significant differences were observed between the elution profiles in the presence
and absence of 10 mM Mg?2*, however, the peak at 2.2 mL appears to be less
dominant in the presence of 10 mM Mg?* (at t; = 15 min), suggesting there may be
subtle differences in cargo release in the absence and presence of Mg2+.
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Figure 6.9. Size-exclusion chromatography of SIP-CCMV in the presence of Mg2* ions showing
changes in elution profile upon increasing irradiation time as monitored at A = 260 nm, 280 nm
and A =335 nm.

The size-exclusive chromatography profiles of Mg2+-poor and Mg?* enriched SIP
CCMV were very similar, DLS and EMSA studies revealed clear differences in their
hydrodynamic size as a function of irradiation time. The size of SIP CCMV in the
presence of 10 mM Mg?* remains approximately constant irrespective of the
irradiation time (Figure 6.10A and 6.10B, respectively). Overall, these studies
indicate that Mg?* does indeed stabilize the CCMV capsid during cargo release.
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Figure 6.10. In the presence of Mg2* ions, (A) electrophoretic mobility shift assay of SIP-CCMV
upon increasing irradiation time and (B) dynamic light scattering shows that the average
particle size remains unaltered upon increasing irradiation time.
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To probe changes in CCMV size and morphology, Transmission Electron
Microscopy (TEM) was performed at different stages of photo-irradiation, both in
the absence and presence of Mg2* ions (Figure 6.11A and 6.11B). For SIP-CCMV in
the absence of Mg?* ions, spherical particles with a diameter of 19 + 2 nm were
observed prior to irradiation. However, the size and morphology of CCMV particles
changes significantly upon increasing irradiation time. Irregularly shaped
assemblies with a diameter of 11 # 1 nm are visible after 90 min of irradiation.
Although the CCMV particles appear to stay intact and do not disassemble, they are
significantly smaller than expected for T = 1 particles. This strongly suggests that
the CCMV shell undergoes morphological changes during cargo release in line with
MD simulations reported by Arkhipov et al. showing that empty virus capsids tend
to be smaller than their filled counterparts.25

t;, (min): 0 15

Template: PSS

Figure 6.11. Negative-stained TEM of SIP-filled CCMV in the (A) absence or (B) presence of Mg2*
ions and (C) PSS filled CCMV. TEM studies show that SIP-CCMV particles undergo morphological
changes in the absence of Mg?* upon increased irradiation.

In addition, irradiation for 90 min appears to induce aggregation of SIP-CCMV in
the absence of Mg?*, which may be attributed to reduction in the net surface
charge, which reduces their colloidal stability.2627 In contrast, SIP-CCMV in the
presence of MgZ* ions remained unaffected upon increasing irradiation time, which
is highly consistent with both DLS and EMSA and strongly suggests that Mg2* does
indeed stabilize the CCMV capsid during cargo release.
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As an additional control, the non-photoresponsive polymer polystyrene sulfonate
(PSS) was encapsulated into CCMV to form presumably pseudo T = 2 particles
based on their size (for full characterization, see Appendix 3).28 As expected, in the
absence of MgZ*, PSS-CCMV showed particles that remained intact upon prolonged
irradiation as determined by DLS and TEM analysis (Appendix 3B and Figure 6.11
C, respectively). This further confirms that irradiation of CCMV alone does not
induce particle shrinkage or aggregation. Image analysis of the electron
micrographs revealed a distinct relationship between the dimensions of Mg2+-free
SIP-CCMV and irradiation time (Figure 6.12A).

B PSS @ SIP(1) @ SIP(2) w SIP with MgCl,
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Figure 6.12. (A) Plot of the average CCMV particle diameter as a function of irradiation time for
SIP-CCMV in the absence (blue circles, measured in duplo) and presence (green triangles) of
Mg?* ions. As a non-photoresponsive control, PSS-CCMV particles were irradiated and analysed
(black squares). The particle diameters were estimated by TEM and the distribution value is
calculated from an average of 300 particles. (B) Structures of the self-immolative polymer (SIP)
and polystyrene sulfonate (PSS) used in these studies.

The stabilizing effect of Mg2?* on the capsid structure of SIP-CCMV capsids
undergoing phototriggered cargo release is corroborated by small angle X-ray
scattering measurements carried out on samples with and without Mg?* irradiated
for 0, 30, 60 and 90 min (Figure 6.13A and 6.13B, respectively). While UV
irradiation has no discernible effect on the SAXS profiles in the presence of Mg2+
depicted in Figure 6.13A, a close inspection of Figure 6.13B reveals that both the
position (g+) and depth (I(g+)) of the first form factor oscillation depend on ¢ in
the absence of Mg?*. Both g+ and I(g+) increase with increasing ¢, indicating that
SIP-CCMV capsids decrease in size and become structurally less well defined upon
increasing irradiation time in the absence of Mg2+ (Table 6.1). Moreover, a non-
negligible upturn appears in the low g regime of SAXS profiles collected after
prolonged irradiation of samples without Mg?*, which is indicative of VLP
aggregation (Figure 6.13B). Notice that neither a Guinier analysis nor an inverse
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Fourier transform analysis clearly revealed the subtle morphological changes in
the VLP structure reflected in the first form factor oscillation (Appendix 5 Figure
1). The pair distance distribution functions, PDDFs (Figure 6.13C and 6.13D), and
radii of gyration, R, extracted from these analyses appear virtually independent of
tir and Mg2* concentration (Appendix 5, Figure 1, Table 2). It appears that the
small and local changes in VLP structure, which are visible in the high q regime of
the SAXS profiles, significantly decreased its hydrodynamic dimensions while the
overall static dimensions remained virtually unaffected. In summary, in line with
the DLS and TEM results the SAXS experiments suggest that, in the absence of
divalent Mg?* ions, CCMV capsids undergo a subtle morphological reorganization
upon cargo release, which leads to particle aggregation. This phenomenon is

attenuated in the presence of MgZ* ions, suggesting that these may stabilize the
CCMV capsid during cargo release.
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Figure 6.13. (A) SAXS profiles and (B) pair distance distribution functions for SIP-CCMV
irradiated for t = 0, 30, 60 and 90 min in the presence of Mg2+ compared to the corresponding (C)
SAXS profiles and (D) pair distance distribution functions for SIP-CCMV irradiated for t =0, 30,
60 and 90 min in the absence of Mg?+. Full SAXS analyses can be found in the Appendix 5.
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Table 6.1. VLP dimensions obtained from the position of the first form factor minimum under
the spherical approximation, i.e., g*R = 4.49.

without Mg?+ with Mg?+
tirr q* R q* R
(min) (nm-) (nm) (nm1) (nm)
0 0.049+0.001 9.1+0.3 0.049+0.001 9.240.1
30 0.049+0.001 9.1+0.2 0.049£0.001 9.140.1
60 0.052+0.000 8.610.0 0.050+0.001 9.0+0.1
90 0.054+0.001 8.310.1 0.050+0.000 9.0+0.1

6.3 Conclusions

We report the encapsulation and release of a stimuli-responsive self-immolative
polymer (SIP) within CCMV virus-like assemblies. Upon irradiation, the SIP
depolymerizes into monomeric subunits, which are small enough to diffuse
through the pores of the CCMV capsid shell. Interestingly, in the absence of Mg+
ions, the liberation of SIP monomers from CCMV also induces a morphological
change in the virus-like assemblies, which was confirmed by electrophoretic
mobility shift assay, DLS, TEM and SAXS measurements. Furthermore, this
phenomenon of capsid “shrinkage” can be attenuated by addition of Mg2*, which
can stabilize native virus capsid assemblies. The presence of Mg%* does not
significantly perturb SIP depolymerization nor prevent the release of SIP
monomers from the CCMV capsid but merely stabilizes the CCMV capsid during
cargo release. In both scenarios, we show the slow release of molecular cargo from
virus-like assemblies upon activation of an external stimulus. While pH and
divalent-ion concentration have been shown to effectively control the infusion and
release of molecules in similar viruses,?® the use of an external stimulus, such as
light, is highly attractive since it allows for the controlled, non-invasive release of
molecular cargo from virus-based cargo carriers.
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6.5 Experimental

6.5.1 Materials

All moisture-sensitive reactions were carried out under an argon atmosphere at
room temperature unless stated otherwise. All starting material and chemicals,
including salts and solvents were purchased from Sigma-Aldrich or Fluka and used
as received unless explicitly noted. All compounds used for the preparation of
buffers were of analytical quality. Water was purified and deionized (MQ water,
resistivity of 18.2 MQcm1). The buffer was adjusted with 1 M NaOH or 5 mM HCI to
the desired pH.

Buffer solutions: Assembly buffer A (ABA) was prepared as followed: 50 mM Tris-
HCI, 300 mM NaCl, 1 mM DTT, pH 7.5. Assembly buffer B (ABB) was prepared as
followed: 50 mM Tris-HCl, 300 mM NaCl, 1 mM DTT, 10 mM MgCl,, pH 7.5.
Electrophoresis buffer: 0.1 M sodium acetate, 1 mM EDTA, pH 6.

Synthesis of self-immolative polymer (SIP): The synthesis, including detailed
procedures, synthetic schemes and full characterization of all compounds
presented in the chapter, is described in the section 6.5.2 - 6.5.3. The monomer
unit (5) and the polymer albeit with a different head group was synthesized
according to literature procedure.1®

Polystyrene sulfonate (PSS): Polystyrene sulfonate was purchased from Sigma-
Aldrich as a powder with an average molecular weight of 70000 g/mol.

Cowpea Chlorotic Mottle Virus purification: The purification and characterization of
the Cowpea Chlorotic Mottle Virus (CCMV), the removal of its RNA and the
isolation of the coat protein (CP) were carried out according to literature
procedures.30 31
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6.5.2 Synthesis of SIP - Monomer

COOtBu COOtBu
NH H, NBu,Br, NH, NH
2 Nalo,, Pd(OAC),
© Nacl, KI ' DIBAL-H t -butylacrylate phenylchlarafarmate
—p
COOEt COOEt
1

Scheme 6.1. Overview of the monomer synthesis.

Synthesis of compound 2

Compound 2 was prepared following the procedure from reference 19.
Commercially available ethyl-4 amino benzoate (7.67 g, 46 mmol) was dissolved in
100 mL of AcOH : H20 (50 : 50, v/v). NalO4 (10.01 g, 47mmol), NaCl (5.52 g, 94
mmol) and KI (7.77 g, 47 mmol) were added sequentially. The reaction mixture
was stirred at room temperature overnight. The mixture was then diluted with
EtOAc and washed three times with brine, two times with a saturated solution of
Na;S203 and finally three times with a saturated solution of NaHCO3. The organic
layer was dried over MgS0,, the solvent removed under reduced pressure and the
crude product purified by column chromatography on silica gel (EtOAc:Hex 30:70)
to give 2 (4.58 g, 34%) as a beige powder. The purification was monitored by TLC
(EtOAc:Hex 30:70).

1H-NMR (300 MHz, CDCl3): 6=8.33 (1H, d, ]=0 Hz), 7.80 (1H, d, J=4.5 Hz), 7.26
(chloroform), 6.68 (1H, d, ]=4.5 Hz), 4.51 (2H, s), 4.28 (2H, q, ]=4.5 Hz), 1.31 (3H, ¢,
]=3 Hz).

MS (ES+): m/z: 290.97 [M] (calculated), 292 [M + H*] (found)
TLC: EtOAc:Hex 30:70, Rf (2) = 0.53

Synthesis of compound 3 (see reference 19)

Compound 2 (1.97 g, 68 mmol) was dissolved in dry THF (20 mL) and the solution
was cooled to 0 °C under an Ar atmosphere, by means of an ice bath. DIBAL-H
(1.0 M solution in THF) (21 mL, 21 mmol) was added drop wise over 30 min until a
bright yellow solution was obtained and the reaction was stirred at room
temperature for 20 min. The progress of the reaction was monitored by TLC
(EtOAc : Hex, 40 : 60 v/v). After consumption of 2, the excess DIBAL-H was
quenched by addition of MeOH (40 mL), THF (20 ml) and celite (2.0 g). A white
solid was obtained, after adding MeOH and the solution turned colorless. The
mixture was then stirred for 1 hour and the formed white solid filtered off. The
residue on the filter was washed with THF (20 mL), in order to extract the maximal
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amount of absorbed product. The clear and colorless filtrates were combined and
the solvent removed under reduced pressure, which yielded a yellow oil. This oil
was dried under vacuum for 30 to 60 min and gave an orange solid. TLC
(EtOAc:Hex 40:60) indicated that only one product was formed, which was
different from the starting material, compound 2. The formation and purity of 3
(1.3 g, 77%) as an orange powder was confirmed by 1H-NMR, MALDI MS and TLC.

1H-NMR (300 MHz, CDCI3): 6=7.65 (1H, s), 7.25 (chloroform), 7.13 (1H, d, ]=3 Hz),
6.71 (1H, d, ]=3 Hz), 4.51 (2H, d, ]=3 Hz), 4.10 (2H, s), 3.72 (THF/ethanol residue),
1.55 (water residue), 1.24 (ethanol residue).

MS (ES+): m/z: 248.97 [M] (calculated), 250 [M + H*] (found)
TLC: EtOAc:Hex 40:60, R¢(3) = 0.22

Synthesis of compound 4 (see reference 19)

Compound 3 (2.0 g, 8 mmol) was dissolved in dry DMF (20 mL) under an argon
atmosphere. Pd(OAc), (90 mg, 0.4 mmol), K»CO3 (5.8 g, 42 mmol), BusNBr (3.2 g,
10 mmol) and tert-butylacrylate (2.6 mL, 12 mmol) were added. The reaction
mixture was then heated to 60 °C, stirring for 1.5 h, during which the reaction
progress was monitored by TLC (EtOAc:Hex, 40:60 v/v) until it was completed.
After cooling to room temperature, the mixture was diluted with EtOAc, washed
three times with brine and the organic layer was dried over Na,;SO4. The solvent
was removed under reduced pressure and the fluorescent products were
separated by column chromatography on silica gel (pure EtOAc). 'H-NMR indicated
that the product was present, but that also side products had formed. To yield
compound 4, column chromatography was performed a second time with ethyl
acetate and hexane as solvent (EtOAc:Hex 30:70). Compound 4 (0.70 g, 35%) was
purified as a yellow oil and gave a yellow/green fluorescent color when irradiated
with an UV-light (wavelength 366 nm).

1H-NMR (300 MHz, CDCl3): 6=7.67 (1H, d, ]= 9 Hz), 7.37 (1H, s), 7.26 (chloroform),
6,67 (1H,d, J= 4.5 Hz), 6.28 (1H, d, J= 7.5 Hz), 4.55 (2H, d, ]= 3 Hz), 4.11 (ethyl
acetate residue), 3.95 (2H, s), 2.04 (ethyl acetate residue), 1.56 (water residue),
1.48 (10H, d, ]=7.5 Hz), 1.23 (hexane/ethyl acetate residue), 0.86 (hexane residue).

MS (ES+): m/z: 249.3 [M] (calculated), 250 [M + H*] (found)
TLC: EtOAc:Hex 50:50, R¢ (4) = 0.44

Synthesis of compound 5 (see reference 19)

Compound 4 (0.70 g, 28 mmol) was suspended in a 15 mL mixture of THF :
saturated NaHCOs3 : H20 (ratio 2:2:1 v/v/v) and phenylchloroformate (0.50 mL, 40
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mmol) was added drop wise over 5 min. The reaction was followed by TLC
(EtOAc:Hex 30:70). The mixture was diluted with EtOAc and was washed two
times with a saturated NH4Cl solution. The solvents were removed under reduced
pressure. The crude product was purified by column chromatography on silica gel
(EtOAc : Hex, 30 : 70 v/v), after which it was dried under vacuum. This yielded
compound 5 as a yellow solid (0.60 g, 16 mmol).

TH-NMR (300 MHz, CDCl3): 6=7.79 (2H, d, ] = 7.5 Hz), 7.56 (1H, s), 7,37 (1H,d, ] =
4.5 Hz), 7,26 (chloroform), 7.20 (3H, d, ] = 3 Hz), 6.38 (1H, d, ] = 7.5 Hz), 4.69 (2H,
s), 1.71 (2H, s), 1.52 (9H, s, tert-butyl groups).

MS (ES+): m/z: 369.2 [M] (calculated), 370.3 M + H*] (found)
TLC: EtOAc:Hex 50:50, R¢ (5) = 0.44

6.5.3 Synthesis of SIP - Polymer

oN

@ JLNH CDOtBu\_Q

0 HO o
NH “ NH "
Polymerlzatmn remnval
and capping BuOtOC. BuOtOC I tert-butyl HoOC HoOC

with trigger group group

Scheme 6.2. Overview of the polymerization and deprotection of the protected carboxylic acids.
Synthesis of compound 6

Compound 5 (0.30 g, 8 mmol) and DBTL (12 pL, 0.02 mmol) were dissolved in dry
toluene (800 pL, 7.51 mmol), after which the solution was heated to 110 °C under
Ar atmosphere. The reaction mixture was stirred for 20 min, then the capping
alcohol, 5-methoxy-2-nitrobenzyl alcohol (0.15 g, 0.8 mmol) was added to the
reaction mixture. After 30 min of stirring, the mixture was cooled down to room
temperature in 35 min. The polymer was precipitated by adding MeOH, filtered
and dried under reduced pressure.

MS (MALDI): m/z: 2071.4 [7 monomers + trigger group + H*], Matrix: DHB/H,0
Synthesis of compound 7

Method 1: Compound 6 (0.10 g) was dissolved in a 1:1 mixture of TFA (1 mL) and
DCM (1 mL). The reaction mixture was stirred for 30 min, after which the solvents
were removed under reduced pressure. This method lead to incomplete
deprotection of the tert-butyl groups for this reason a more vigorous method was
used.
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Method 2: Compound 6 (0.10 g) was dissolved in a 95:5 mixture of TFA (2.9 mL)
and DCM (0.15 mL). The reaction mixture was stirred for 90 min, after which the
solvents were removed under reduced pressure.

1H-NMR (300 MHz, CDCI5) first measurement: 6= 9.57 (23H, s), 7.77 (55H,d + s, ] =
4.5 Hz), 7.46 (55 H, s), 6.44 (29H, d, ] = 7.5 Hz), 5.14 (54H, s), 4.49 (2H, s), 3.90 (3H,
s), 2.50 (DMSO0), 1.53 (53H, s, tert-butylgroups), 1.11 (tert-butylalcohol)

1H-NMR (300 MHz, CDCl3) second measurement: 6= 9.57 (22H, s), 7.77 (51H, d + s,
] =4.5 Hz), 7.46 (51 H, s), 6.44 (22H, d, ] = 7.5 Hz), 5.14 (51H, s), 4.49 (2H, s), 3.90
(3H, s), 3,35 (water residue), 2.50 (DMSO0), 1.53 (1H, s, tert-butylgroups).

Highest mass in MS (ES+): m/z: 4897 [21 monomers + trigger group + 2x t-Bu] MS
Highest mass in (MALDI) m/z: 1844 [7 monomers + trigger group + 2x t-Bu],
Matrix: DHB/ACN/H,0

6.5.4 Methods

General methods: FPLC chromatograms were performed using either ABA or ABB.
Buffers were prepared from ultrapure (Milli-Q) water. UV-Vis spectra were
recorded using a Perkin Elmer Lambda 850 UV spectrophotometer. TH NMR
spectra were recorded at room temperature with a Bruker 500 MHz spectrometer.
Chemical shifts are given in parts per million (ppm) relative to tetramethylsilane.
MALDI-TOF MS was performed with a Bruker ULTRAFLEX IIl spectrometer,
utilizing a-cyano-4-hydroxycinnamic acid as the matrix.

Size-exclusion chromatography: Size-exclusion chromatography (SEC) was
performed using GE Healthcare FPLC Akta purifier 900 combined with fraction
collector Frac-950. Samples were purified by SEC using the buffer ABA or ABB. The
SEC column superose 6 10/100 GL (GE Healthcare), 24 mL bed volume and 500 pL
injection volume was used for preparative purposes and superose 6 PC 3.2/30, 2.4
mL bed volume and 100 pL injection volume was used for analytic purposes.

Irradiation of self-immolative polymer or polystyrene sulfonate samples: Irradiation
of solutions containing SIP, PSS or virus like particles were performed at 4 °C using
Honle UV technology equipped with a bluepoint 2 easy cure UV lamp (UVA
radiation intensity of 330-400 nm; 4,500 mW/cm?) further described as high
intensity glass fiber optic UV lamp.

UV-Vis spectroscopy: UV-Vis spectra were recorded on a Varian Cary 300 UV-Vis
spectrometer using a quartz cuvette with 1 cm path length.
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Fluorescence spectroscopy: Fluorescence spectra were recorded on a Perkin Elmer
LS 55 fluorescence spectrometer using a quartz cuvette with 1 cm path length. The
emission spectra of SIP were measured upon excitation at A = 270 nm.

Transmission Electron Microscopy (TEM): The samples were examined in an
analytical FEG-TEM (Phillips CM 30) operated at 300 kV acceleration voltages. For
the sample preparation 5 pL of the desired sample was applied onto Formvar-
carbon coated grids. After 1 min, the excess of liquid was drained using a piece of
filter paper. Uranyl acetate (5 uL, 1% w/v) was applied and the excess of liquid
was drained after 20 seconds. The grid was dried for 30 min at room temperature.

Dynamic light scattering for VLPs filled with SIP or PSS: A cell inside the DLS-setup
was filled with 600 pL of solution containing VLPs filled with SIP or PSS. The size
distribution of the capsids was determined by measuring their diameter for more
than 80 counts unless otherwise stated. All samples were measured three times.
The data are presented as “Frequency (%)”, which refers to the volume percentage
as determined by the instrument.

Encapsulation and SEC experiments of self-immolative polymer (SIP) or polystyrene
sulfonate (PSS) into VLPs: For the encapsulation of SIP into virus like particles, a
solution of 100 pL SIP in ABA (2.5 mg SIP, 20 uL. DMSO, 2 mL ABA) was added to a
solution of 400 pL CP (150 uM) in either ABA or ABB. For the encapsulation of PSS
into virus like particles, a solution of 100 pL PSS in ABA (2 mg PSS, 2 mL ABA) was
added to a solution of 400 uL CP (150 pM) in ABA. The resulting SIP-CP or PSS-CP
mixture was incubated over night at 4 °C on a roller bank to allow the formation of
VLPs.

The samples obtained from the encapsulation mixture were purified and
characterized by SEC. Therefore 500 pL of the crude mixture were injected on the
preparative SEC column at room temperature and monitored by using UV
detection at A = 280 nm and A = 260 nm, to monitor the absorbance values of coat
protein, SIP or PSS and at A = 335 nm, to monitor the absorbance values only for
SIP. The elution buffer for the SEC experiments was identical to the encapsulation
buffer. Fractions of 200 pL were collected and those corresponding to CCMV capsid
containing SIP or PSS, were further analyzed by TEM, UV-Vis spectroscopy,
fluorescence spectroscopy, gel retardation assay, DLS and SAXS.

Irradiation experiments of SEC purified VLPs containing SIP or PSS: All irradiation
experiments were performed at 4 °C using a high intensity glass fiber optic UV
lamp with a wavelength of 330-400 nm. A solution of SIP or a solution of SEC
purified VLPs containing SIP or PSS were irradiated for 15, 30, 60, and 90 min.
After each irradiation step 200 pL of the sample were removed for further
characterization methods.
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Gel retardation assay to visualize different particle sizes: Encapsulation reactions of
CCMV coat proteins (CP) with SIP or PSS were performed in buffer ABA or ABB and
purified with SEC as mentioned earlier. The SEC purified VLPs containing SIP were
irradiated in different time intervals at 4 °C (15, 30, 60, 90 min). After irradiation
the samples were directly used for the gel retardation assay without prior SEC
purification. A 10 pL aliquot of each irradiation interval was mixed with 2 pL of
100% glycerol (RNAse-, DNAse and protease-free) and loaded into a 1% agarose
gel in electrophoresis buffer. The samples were electrophoresed at 4 °C for 90 min
at 70 V in a horizontal gel apparatus (peolab). The samples were then stained in a
Bio-safe™ Coomassie G-250 Stain solution and visualized on a ISOGEN Life Science
ULTIMA 10 si instrument and imaged using ProXima AQ-4 as software.

Small angle x-ray scattering (SAXS) analysis of SIP-CCMV capsids: Small angle X-ray
scattering experiments were performed at the cSAXS beamline of the Swiss Light
Source at the Paul Scherrer Institute in Villigen, Switzerland, operating at 12.4 keV.
The scattering intensity was measured as a function of the momentum transfer
vector q = (41/A)sin(6/2), where A = 0.1 nm is the radiation wavelength and 6 is
the scattering angle. A single sample-to-detector distance of 2 m was used to cover
a g-range of 0.064 < g < 6.9 nm-l. Samples were measured at room temperature in
a polycarbonate (ENKI, KI-Beam) flow through capillary with a diameter of d = 2
mm. Two-dimensional SAXS patterns were collected using 240 frames of 0.25 s per
sample and azimuthally averaged to obtain one dimensional SAXS profiles
provided that no signs of radiation damage were apparent. The final CCMV
scattering curves were obtained after subtraction of the background scattering
profiles of the buffer and polycarbonate cell.
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6.6 Appendices

6.6.1 Appendix 1: 1H-NMR spectra of SIP before and after D,0 exchange,
measured in D;0

S e o

0 min irradiation adding D,0

0 min irradiation

125 115 105 95 85 75 65 55 45 35 25 15 05
5 (ppm)

150 min irradiation adding D,0

ol
A u_lL
5 1:5 0.‘5

125 115 105 95 85 75 65 55 45 35 2.
& (ppm)

150 min irradiation

Appendix 1. tH-NMR spectra of SIP before and after D20 exchange. (A) 'H-NMR before irradiation
of SIP and (B) after 150 min irradiation of SIP. In both cases the proton peaks representing
amine or amide groups disappear after D-0 exchange.
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6.6.2 Appendix 2: 1H-NMR spectra of SIP irradiated for 60 min in D0,
measured in D20

Irradiation time (min)

60 M
. Moo e L
AMan .

0

T T T T
125 1.5 105 95 85 75 65 55 45 35 25 15 05
5 (ppm)

Appendix 2. Water suppression 'H-NMR data of SIP after 0, 30 and 60 min irradiation measured
in D20 at 600 MHz.

6.6.3 Appendix 3: SEC chromatogram of coat protein only

500 (M) ﬁso 260 335
B % ‘ 1
w o
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Appendix 3. Size-exclusion chromatography for unassembled CCMV coat proteins shows a single
peak at 2.0 mL

6.6.4 Appendix 4: VLPs filled with PSS

The non-photoresponsive polymer polystyrene sulfonate (PSS) was encapsulated
into CCMV and subsequently purified by size exclusion chromatography. To
confirm that the irradiation time of PSS-CCMV does not have any influence of the
capsid morphology size-exclusion chromatography was performed at various time
intervals (ti =0, 15, 30, 60 and 90 min). Similar to SIP-CCMV, the eluting material
was monitored at A = 260 and A = 280, both are specific wavelengths for CCMV
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protein and PSS. Although the third wavelength (A = 335 nm) was monitored for
the photo-triggerable group of SIP, here we monitored the absorbance at this
wavelength as a control to confirm that neither CCMV nor PSS absorb at this
wavelength. In all cases, a single peak at 1.3 mL was observed, which is
characteristic for pseudo T = 2 particles. These results show that irradiation does
not inherently cause the partial disassembly of CCMV nor does it initiate cargo loss
(Appendix 4A). Dynamic light scattering measurements were performed on
purified PSS-CCMV and confirm the presence of spherical particles with an average
diameter around 22 nm (Appendix 4B). Upon irradiation, the average particle size
remained unaffected.

A 2 (nm): —— 280 —— 260 —— 335; (buffer without Mg®") B
03— : o .
100 ' T 4 tw '= 15 min' 70+ glzt:ir:‘FSS filled VLPs (no Mg™)
- 1 60 B8] 15 min
=] foris /\ I 30 min
< 0 - T - - " ] = 50 IS 60 min
E t,, = 30 min < 90 min
z AVAN g
g 0 , ¥ . T T ! g3
8100 % t, =60 min i 20
2 A 10|
0 y T " T T \ o
1001 4% t, = 80 min 1 10 100
4 J\ diameter (nm)
0 " T \

05 10 15 20 25 30 35
elution volume (mL)

Appendix 4. (A) Size-exclusion chromatography of polystyrene sulfonate (PSS) filled CCMV at
various irradiation times (ti = 0, 15, 30, 60 and 90 min) without Mg2* ions. The absorbance was
monitored at A = 260 nm, 280 nm for the CCMV protein and A = 335 nm to confirm that lack of a
photo-triggerable group (i.e. negative control) (B) Dynamic light scattering of PSS-CCMV shows
the average particle size remains unaffected upon increasing irradiation time.

6.6.5 Appendix 5: Small angle X-ray scattering experiments on SIP filled
CCMV
Small angle X-ray scattering (SAXS) experiments were carried out on samples
irradiated for 0, 30, 60, and 90 min with and without Mg?* to corroborate the
changes in CCMV size and morphology observed by transmission electron
microscopy experiments reported in the main text. Each experiment was carried
out in triplicate and representative SAXS profiles are depicted in Appendix 5
Figures 2 and 3. First, a Guinier approximation (Equation 1) was used to extract
the radius of gyration, Rg as a function of irradiation time and MgZ* content
(Appendix 5 Table 1) from the slope of the linear portion in the Guinier plots
shown in Appendix 5 Figure 1.
—q2R2

[ =1(0)e 3 Equation 1
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Notice that we expanded the used g-range beyond qR; < 1, which is the regime in
which the Guinier approximation is strictly valid, to include sufficient data points
to determine Rg accurately.

A B

1.0 1.0 |
A fim= 0 % A tir= 0
5 *  tir=30 e * tir=30
50.0 - ¢ tir=60 So.0 - * tir=60
E Y tir=90 f v tir=90
c G
- -—
£1.0 1 £1.0 1
2.0 ‘ . et 2.0 ‘ . ‘
0.00 0.03 0.05 0.08 0.10 0.00 0.03 0.05 0.08 0.10
qzl nm2 qzl nm?

Appendix 5 Figure 1. Guinier plots for SIP-CCMV in the (A) presence of Mg2+ and (B) absence of
Mg?* upon increasing irradiation time.

Appendix 5 Table 1. Radius of gyration, R; obtained from a Guinier analysis of the experimental
data shown in Figure S4 using the g-range as tabulated, namely gmin < g < gmax

without MgCl, with MgCl,
tirr Rg Qmin qmax Rg qmin qmax
(min) (nm) (nm™)  (hm?) (nm) (nm™)  (nm™)
0 8.30+0.03 0.09 0.25 8.3+0.03 0.09 0.24

30 8.00+0.02 0.09 0.25 8.3+0.04 0.09 0.24
60 797+0.03 011 0.25 8.4+0.01 0.09 0.24
90 8.02+0.01 0.15 0.25 8.4 +0.02 0.09 0.24

Subsequently, we performed an inverse Fourier transform (IFT) analysis
(Appendix 5 Figure 2 and 3) to compute the pair distance distribution functions
(PDDFs) given in Figure 13 in the main text, and from these extract R; as presented
in Appendix 5 Table 2 according to Equation 2.

2 _ JP@riar

Rg ~ 2[P(r)dr

Equation 2

The maximum linear dimension (Dmax) was set to approximately 3*R; and adjusted
to maximize the goodness of fit (Appendix 5 Figures 2 and 3). The PDDF was set to
zero at r = 0 nm and approaches zero at Dmax.
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Appendix 5 Table 2. Radius of gyration, Rg, obtained from an inverse Fourier transform analysis
using a maximum linear dimension, Dmax, as indicated. Fits to the experimental data are shown
in Appendix 5 Figure 2 and 3, the PDDFs are plotted in Figure 6.13.

without Mg** with Mg®*
ti" Rg Dmax Rg Dmax
(min) (nm) (nm) (nm) (nm)
0 79+00 254+£02 81+00 253+08

30 78+01 25500 82+01 265%09
60 78+00 250+00 83+00 268x04
90 80+£01 257+03 83+£01 265=x17

Clearly, the Guinier analysis and the IFT yield very similar values for Ry, which are
fairly constant irrespective of irradiation time and Mg?* concentration (compare
the values in Appendix 4 Table 1 and 2). The shape of the PDDFs resembles that of
rather homogeneous, spherical objects. In a subsequent data analysis step, we
therefore assumed that we can describe the VLPs are homogeneous spheres and
estimate their average size, R, from the first form factor minimum according to, g'R
= 4.49 (Table 6.1 in the main text). This analysis reveals a decrease in VLP size
upon an increase in ti in the absence of Mg2+. By contrast, VLP size is virtually ti
independent in the presence of Mg2+. These findings are further supported by a
form factor analysis of the experimental data in the entire g-range measured
employing a model for a homogeneous sphere yielding values for the average
sphere radius tabulated in Appendix 5 Table 3.

Appendix 5 Table 3. VLP dimensions obtained from a form factor analysis using a form factor for
a homogeneous sphere.

without Mg** with Mg®*
tire R R
(min) (nm) (nm)
0 9.2+0.1 9.2+0.2
30 8.9+0.3 9.3+0.2
60 8.7+0.1 94+0.1
90 8.2+0.3 9.3+0.2
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Appendix 5 Figure 2. Inverse Fourier Transform (IFT) analysis for SIP-CCMV in the presence of
Mg?+ at irradiation times (A) 0 mins, (B) 30 mins, (C) 60 mins, (D) 90 mins.
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Appendix 5 Figure 3. Inverse Fourier Transform (IFT) analysis for SIP-CCMV in the absence of
Mg?* at irradiation times (A) 0 mins, (B) 30 mins, (C) 60 mins, (D) 90 mins.
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Chapter 7

Supramolecular Stacks as Scaffolds for
Virus Protein Assembly

The excellent luminescent and self-assembly properties of platinum(ll)
complexes have gained significant attention in recent years. In this chapter,
assemblies of an anionic Pt(ll) complex and a neutral Pt(ll) complex were
used to direct the self-assembly of Cowpea Chlorotic Mottle Virus (CCMV).
Different morphologies of protein aggregates were observed, depending on
the nature of the complex, the Pt(ll) concentration and equilibration time.
Increasing the concentration of the anionic Pt(ll) complexes led to the
preferential formation of protein assemblies with a rod-like morphology,
while encapsulation of neutral Pt(Il) complexes led to the formation of
spherical CCMV assemblies. This is the first example that shows that the self-
assembly of small metal-organic complexes into supramolecular stacks can
be used to direct the assembly of native spherical viruses into different
morphologies. The unique combination of highly Iluminescent Pt(Il)
assemblies encased in a protective protein shell opens up new possibilities for
applications in biomolecular imaging and molecular optics.

Manuscript in preparation (2013)
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7.1 Introduction

Luminescent square-planar platinum (II) complexes that emit light in the visible
region (400-700 nm) have attracted much interest in the fields of optoelectronics,
13 organic light-emitting diodes (OLEDs),* chemical sensors and biomedical
imaging. Their intrinsic tendency to form metal-metal and/or ligand-ligand
interactions has been used to promote aggregated Pt(II) states, which significantly
enhances their already excellent photophysical properties. More recently, Pt(II)
complexes have been used in the self-assembly of nanoparticles, rod- and sheet-
like aggregates® and fibers.” While Pt(II) complexes are promising candidates for
applications in materials science, one of their major limitations in biomedical
applications is their inherent cytotoxicity.® ° Since the cytotoxicity of Pt(II)
complexes is related to both its chemical structure and cellular uptake efficiency
(ie. higher cellular uptakes leads to higher cytotoxicity),1° the introduction of
protective groups has been shown to be highly effective in reducing the cytotoxic
effects of the Pt(II) core. While most strategies focus on modifying the ligand side-
chain, an alternative approach is to encapsulate such materials inside viruses and
virus-like particles (VLPs).

Composed of viral RNA (or DNA) and an outer protein coat shell that
self-assembles around its genetic material, viruses are designed by nature to
encapsulate, protect and deliver molecular cargo into cells.!! The protein shell is
often composed of multiple copies of the same protein and the self-assembly
process is driven by electrostatic interactions between the positively charged N-
terminus of individual virus coat proteins and the negatively charged phosphate
backbone of the viral RNA/DNA.12 In some cases, the viral RNA/DNA can be
replaced with non-nucleic acid (negatively charged) cargo. A broad range of
functional materials including polymers, nanoparticles, micelles and small
molecules have been used as templates to drive the self-assembly of virus-like
structures for applications in nanotechnolgy.!3 One of the most studied viruses is
the Cowpea Chlorotic Mottle Virus (CCMV).1# By controlling the pH and ionic
strength, CCMV can be reversibly disassembled into virus coat protein dimers and
reassembled into virus-like particles. At pH 7.5, only filled particles with a
diameter of 28 nm (T = 3), 22 nm (“T = 2”) or 18 nm (T = 1) can be assembled,
whereas filled and empty particles of 28 nm (T = 1) in diameter occur at pH 5.0.1%
16 As described in Chapter 2, depending on the rigidity of the molecular cargo,
spherical or rod-like CCMV assemblies can be obtained.'% 17 While rigid (covalent)
polymer- or DNA-based scaffolds have been used to assemble rod-like structures,
the use of supramolecular templates that self-assemble via non-covalent
interactions into highly ordered structures has not been investigated. In this
chapter, the encapsulation of two different Pt(I) complexes that self-assemble into
supramolecular structures, into CCMV architectures was studied. The
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encapsulation of supramolecular Pt(II) structures in virus-based assemblies could
open up new opportunities for applications in biomolecular imaging.

7.2 Results and discussion

The synthesis and photophysical studies of both Pt(II) complexes (anionic
Pt-Tet-SO4 (C1) and neutral Pt-Tet-TEG2 (C2)) were performed by Dr. Naveen
Kumar Allampally at Westféalische Wilhelms University Miinster, Germany (Figure
7.1). The general synthetic procedure and photophysical properties of analogous
Pt(II) complexes are described in literature.” Here, the encapsulation and
characterization of these Pt(II) complexes in CCMV-CP assemblies are described.

A B S

N ,
N NN L
Ny ! N N
WAN—Pt—N< g

Pt-Tet-SO, (C1) Pt-Tet-TEG2 (C2)

Figure 7.1. Schematic representation of Pt(II) complexes. Structure of (A) Pt-Tet-SO4 (C1) and of
(B) Pt-Tet-TEG2 (C2).

7.2.1 Self-assembly of anionic Pt-Tet-SO4 complex (C1)

The self-assembly of the anionic square-planar Pt(II) coordination complex
composed of a dianionic tridentate ligand (2,6 bis-tetrazole-5-yl-pyridine) and an
ancillary pyridine ligand functionalized with a two-pendant arm alkyl sulfate
(herein referred to as the Pt-Tet-SO4 complex (C1)) was investigated in aqueous
buffer. It was anticipated that the strong tendency of the square-planar Pt(II) core
to undergo m-m stacking and metal - metal interactions, in combination with the
amphiphilic nature of the ancillary ligand induces their self-assembly into
supramolecular nanowires or nanoparticles. The distance between the Pt(II)
center and the sulfate group at the end of the ancillary ligand was estimated to be
2.2 nm and the full length of the C1 monomer is approximately 2.7 nm (Figure 7.2A
and B). Pt-Tet-S04 (C1) (8 mM) was dissolved in 50 mM Tris-HCI buffer, 300 mM
NaCl, 10 mM MgCl; and 1 mM DTT (pH 7.5) and equilibrated overnight at 24 °C,
with slow agitation. Transmission electron microscopy (TEM) analysis showed the
formation of fiber-like assemblies (so-called nanowires), with an average diameter
of 13+ 2 nm (Figure 7.2C and D). Although some nanoparticles of the same
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diameter were also observed, the fiber-like structures appeared to be dominant.
Because of their dimensions, aggregates of C1 seen suitable templates for CCMV

| B
SR |

A
B S S
%}{Y

~2.2 nmI
B[ o |
Nanop;nicles or Nanowires
C D

Figure 7.2. (A) Chemical structure of anionic Pt-Tet-SO: monomer (C1), (B) Schematic
representation of the presumed self-assembly behavior of C1 in solution, (C and D) TEM
micrograph of C1 solubilized in 50 mM Tris-HCI buffer (pH 7.5).

7.2.2 Encapsulation of the anionic Pt-Tet-SO4 complex inside CCMV capsids

To study the entrapment of C1 aggregates, C1 was dissolved at various
concentrations and encapsulated in CCMV at two different time intervals, fast
addition (t = 0 min) and delayed (t= 12 h). C1 was dissolved at increasing
concentrations of 2 mM, 4 mM and 8 mM in 50 mM Tris-HCI buffer, 300 mM NaCl,
10 mM MgCl; and 1 mM DTT (pH 7.5). A solution of CCMV coat proteins (CPs) (400
uM) was added at 0 min and 12 h after dissolution of C1 in a 1:1 volume ratio.
Since the C1 complexes are also required to self-assemble, the different
equilibration times (t = 0 min or t = 12 h) were expected to lead to different C1
aggregation states. At t = 0 min, the entrapment of C1 complexes in CCMV would
inhibit or “freeze” the self-assembly of the initial C1 architectures, whereas at
t=12 h, entrapment of the equilibrated “aggregated” state was anticipated. To
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monitor this presumed kinetic vs. thermodynamic entrapment, samples from both
the fast addition and delayed addition of C1 (at increasing C1 concentration and a
constant concentration of CPs) were first allowed to incubate for 2 h at 4 °C after
mixing before purification by size-exclusion chromatography (Figure 7.3),
monitoring at A = 280 nm and A = 260 nm for CPs and A = 430 nm for the C1
complex. The elution volume (1 - 1.5 mL) in combination with the absorbance
ratio (260 nm/280 nm > 1) are characteristic features of intact CCMV assemblies.
Interestingly, in all cases of fast addition, the elution peak between 1 - 1.5 mL was
very broad and asymmetrical and particularly in the presence of 4 mM of C1, the
appearance of two overlapping peaks was apparent, which is indicative of a
mixture of two or more different morphologies (Figure 7.24, C and E). In contrast,
the elution peak between 1 - 1.5 mL after delayed addition showed a sharp edge at
1 mL before tailing off towards higher elution volumes (Figure 7.2G, I and K). The
sharp edge at 1 mL is atypical of spherical CCMV assemblies and may indicate a
different morphology. Due to their differences in surface area and morphology, it is
thought that rod-like CCMV assemblies elute mainly at 1 - 1.2 mL, while spherical
CCMV assemblies elute at 1.2 - 1.5 mL. In all cases, the elution volumes between
1.8 - 2.6 mL and 4 - 4.4 mL are characteristic for non-encapsulated C1 aggregates
or monomeric C1 complexes, respectively (Appendix A).

Fractions eluting between 1 - 1.5 mL were collected and analyzed by TEM. In the
case of the fast addition of C1 to CPs, TEM confirmed a mixture of spherical and
rod-like CCMV assemblies. Interestingly, upon increasing C1 concentrations, an
increase in rod-like CCMV assemblies was observed compared to the formation of
spherical CCMV assemblies (Figure 7.3, A - F). In contrast, samples prepared by the
delayed addition of C1 at increasing concentrations showed predominantly rod-
like assemblies with a negligible amount of spherical CCMV assemblies in all cases
(Figure 7.3, G - L).

The average diameter of both rod-like and spherical CCMV assemblies is 23 + 2 nm,
which provides an inner cavity of ca. 16 nm. A C1 aggregate constructed from a bi-
or multilayer of amphiphiles is expected to fit this dimension (Figure 7.2B).

Based on TEM studies, the average diameter of both rod-like and spherical CCMV
assemblies was estimated to be 23 * 2 nm. However, the particle length
distribution of CCMV assemblies varied significantly for the conditions used as
shown in Figure 7.4. This suggests, that the self-assembly of Pt(II) complexes is
slow compared to the encapsulation process. Longer assembly times of the C1 (i.e.
12 h) are needed in order to achieve larger aggregates of Pt(Il), which leads then to
rod-like CCMV assemblies with length up to 400 nm. The cumulative frequency
(%) of the obtained CCMV assemblies can be found in Appendix B.
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Figure 7.3. Size-exclusion chromatography and the corresponding negatively stained TEM
micrographs upon 1) fast addition of CCMV-CPs o C1 at (A) 2 mM, (C) 4 mM and (E) 8 mM and 2)
delayed addition after 12 h of CPs to C1 at (G) 2 mM, (I) 4 mM and (K) 8 mM. For size exclusion
chromatography, the eluting material was monitored at A = 280 nm and A = 260 nm
(corresponding to CCMV-CPs) and at A = 430 nm (corresponding to C1 complexes).
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Figure 7.4. The size distribution of C1 assemblies upon fast encapsulation by CCMV at (A) 2 mM,
(B) 4 mM and(C) 8 mM, and delayed encapsulation by CCMV at (D) 2 mM, (E), 4 mM and (F) 8

mM.

in rod-like assemblies, with an average length below 100 nm (Figure 7.4 A - C and
Appendix B). By comparison, the rod-like CCMV-CP assemblies obtained by

In the case of the fast addition, increasing the C1 concentration led to an increase
delayed addition showed average lengths greatly exceeding 100 nm (Figure 7.4 D -

Interestingly, the fast addition led to a narrow length

distribution of CCMV-CP assemblies whereas delayed addition led to a broad

F and Appendix B).

length distribution, despite the prolonged pre-equilibration of C1 complexes prior
to CCMV encapsulation. Here, the final morphologies of the CCMV-CP assemblies
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appear to capture the different kinetic and thermodynamic aggregation states of
C1, from small molecular aggregates to large stacked architectures.

7.2.3 Self-assembly of neutral Pt-Tet-TEG2 complex (C2)

The encapsulation of a neutral Pt-Tet-TEG2 complex (C2) in CCMV was also
studied. The structural design of C2 is similar to C1 and differs only in the ancillary
ligand, which bears a two pendant TEG arm instead of the alkylsulfate of C1. The
overall size of the C2 monomer is slightly larger than that of C1, with an estimated
length spanning 3 nm and a tail-to-tail distance between the Pt and the methyl end
group of approximately 2.5 nm (Figure 7.5A). As described in the previous section
for C1, C2 (8 mM) was dissolved in 50 mM Tris-HCl buffer, 300 mM NaCl, 10 mM
MgClz, 1 mM DTT (pH 7.5) and equilibrated for overnight at 24 °C, with slow
agitation. Unlike the C1 complex, which assembled into fiber-like structures, TEM
of C2 showed the formation of large aggregates (Figure 7.5C and D). Because of
their dimensions, aggregates of C2 seemed suitable templates for CCMV assembly.
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Figure 7.5. (A) Chemical structure of neutral Pt-Tet-TEG2Z monomer (C2). (B) Schematic
representation of presumable self-assembly of C2 in solution, (C and D) TEM micrograph of C2
solubilized in 50 mM Tris-HCl buffer (pH 7.5).

142



Supramolecular Stacks as Scaffolds for Virus Protein Assembly

7.2.4 Encapsulation of neutral Pt-Tet-TEG2 complex inside CCMV capsids

C2 complexes were encapsulated in CCMV at various concentrations and different
incubation times, i.e. after fast addition (t = 0 min) and delayed addition (t = 12 h),
under the exact same conditions as described for the encapsulation of C1. The
mixures were purified by size-exclusion chromatography, which revealed a peak
characteristic for CCMV assemblies at 1.1 - 1.5 mL, and strongly suggests that
CCMV is able to encapsulate C2 aggregates. Upon fast addition of C2 to CPs, the
elution peak is asymmetrical and a clear shift in the elution volumes from 0.9 - 1.2
mL to 1.1 - 1.5 mL is observed upon increasing C2 concentration (Figure 7.6A, C,
E). Similar to C1 encapsulation, the elution volume at 0.9 - 1.2 mL is indicative of
rod-like CCMV based assemblies and the asymmetry suggests a mixture of
morphological assemblies. To study the morphology of the assemblies, the SEC
fractions (0.9 - 1.5 mL) were collected and analyzed by TEM (Figure 7.5).
Systematic studies by TEM revealed the formation of rod-like assemblies at low C2
concentrations (2 mM), which shifted to mainly spherical CCMV structures at high
C2 concentrations (8 mM) (Figure 7.6B, D, F).

After delayed addition, the size-exclusion chromatograms showed a symmetrical
peak with an elution volume of 1.1 - 1.5 mL, which strongly implies that the CCMV
assemblies are very similar for all three cases (Figure 7.6G, I, K). TEM analysis
showed the exclusive formation of spherical-like assemblies, independent of C2
concentration (Figure 7.6H, ] and L).

In an opposite trend to the one observed for C1, fast addition (t = 0 min) led to a
broader distribution in assembly length and size (Figure 7.7A - C) whereas delayed
addition (t=12 h) of C2 to CPs led to the exclusive formation of spherical CCMV
assemblies, independently of the concentration of C2. The average diameter of
22 + 5 nm suggests the formation of pseudo T = 2 CCMV capsids (Figure 7.7D - F).
The cumulative frequency (%) of the obtained CCMV assemblies can be found in
Appendix D.
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Absorbance (mAU)
A (nm); = 280; = 260; —— 430

Figure 7.6. Size-exclusion chromatography and the corresponding negatively stained TEM
micrographs upon 1) fast addition of CPs to C2 at (A) 2 mM, (C) 4 mM and (E) 8 mM and 2)
delayed addition of CPs to C2 at (G) 2 mM, (I) 4 mM and (K) 8 mM. For size exclusion
chromatography, the eluting material was monitored at A = 280 nm and A = 260 nm
(corresponding to CPs) and at A = 430 nm (corresponding to C2 complexes).
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Figure 7.7. Size distribution histograms based on TEM of CCMV assemblies encapsulating C2
upon fast addition at (A) 2 mM, (B) 4 mM, (C) 8 mM and delayed addition at (D) 2 mM, (E) 4 mM,
(F) 8 mM.

The encapsulation of C2 in CCMV was highly unexpected since, unlike C1 which is
anionic, C2 is a neutral complex. In most cases reported in the literature, the
encapsulation of functional materials (synthetic and biological) has always been
based on the assumption that the electrostatic interactions between an anionic
template and the cationic N-terminus of CPs are essential to drive the self-
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assembly process. Although there are few examples reported in the literature, in
which nearly neutral templates were encapsulated into bromomosaic virus
(BMV),18 19 the encapsulation of small neutral metal-organic templates in CCMV
has not been reported before. It is also striking that the fast addition of the neutral
C2 complex (t = 0 min) led to the formation of rod-like assemblies whereas the
delayed addition leads to the formation of spherical assemblies. It is proposed that
the rod-like assemblies are formed upon encapsulation of the semi-crystalline
state of C2, rather than the solubilized C2 complex. During solubilization of the C2
complex in buffer, it was observed that C2 was much less readily soluble compared
to the C1 complex. Since C2 is less soluble, the fast addition of CCMV-CP to C2 may
result in the encapsulation of non-solubilized semi-crystalline C2 material. Upon
delayed addition, in which the C2 complex is incubated for 12 h, the C2 complex is
fully solubilized in buffer, leading to spherical assemblies. More experiments,
however, are needed to verify this hypothesis.

7.2.5 Detection and quantification of Pt in C1 and C2 based CCMV-CP
assemblies

In order to determine the chemical composition of the different CCMV-CP
assemblies, high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) in combination with energy dispersive X-ray analysis
(EDX) were performed in collaboration with Dr. Christian Kiibel and Prof. Luisa De
Cola at the Karlsruhe Institute for Technology (Germany). HAADF-STEM is a
particularly sensitive technique used for the detection and quantification of heavy
metal elements such as Pt. HAADF-STEM analysis of CCMV-CP assemblies
encapsulating C1 at 1 mM and 4 mM confirmed the presence of rod-like assemblies
(Figure 7.8). Interestingly, the lack of intensity contrast inside the rod-like
assemblies suggests that Pt is not filling the protein shell completely. This is rather
unexpected since CCMV-CPs requires the Pt(II) stacks as a rigid template in order
to assemble into rod-like structures. Nevertheless, while Pt could not be detected
by HAADF-STEM, EDX analysis confirmed the presence of Pt, C, O, Mg, Na, Si, S and
Cl in the CCMV-CP assemblies encapsulating C1. To confirm the unexpectedly low
Pt concentration, further measurements and analysis are still in progress.
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Figure 7.8. Unstained HAADF-STEM images of CCMV-CP assemblies encapsulating C1 at (A and B)
1 mM or (C and D) 4 mM.

In contrast to the C1 complex, HAADF-STEM images of CCMV-CP assemblies
encapsulating C2 at 1 mM and 4 mM clearly show the Pt distribution inside the
spherical CCMV-CP assemblies (Figure 7.9). The bright clusters originate from
individual Pt complexes that are randomly oriented and distributed inside the
protein shell (Figure 7.8B), and subsequent negative staining was performed to
confirm that the CCMV-CP assemblies were still intact (Figure 7.9C and 7.8D). At
higher concentrations, a faint white region surrounding the bright clusters is
evident and is due to the protein shell (Figure 7.9E and F). This not only confirms
that the CCMV-CP assemblies remain spherical and intact, but also clearly shows
the encapsulation and localization of Pt inside the capsid assemblies. Furthermore,
the size of the assemblies was estimated to be 22 - 25 nm in diameter, which is
consistent with the TEM analysis described in the previous section. EDX analysis
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further confirmed the presence of Pt, C, N, O, Si, S, Cl and Cu in the CCMV-CP
assemblies encapsulating C2.

Figure 7.9. HAADF-STEM images of CCMV capsid assemblies encapsulating C2 at (A and B) 1 mM,
unstained (C and D) 1 mM, stained, and (E and F) 4 mM, unstained.
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7.3 Conclusions

Here, the encapsulation of different supramolecular aggregated states of anionic
and neutral Pt(II) complexes in CCMV was investigated. Depending on the
concentration and incubation time, rod-like or spherical structures were obtained.
In the case of the anionic Pt(II) complex (C1), the entrapment of aggregates
initially formed from C1 (at t = 0 mins), led to spherical CCMV assemblies, whereas
pre-equilibration of the Pt(II) complexes (t = 12 h) prior to encapsulation led to
rod-like CCMV assemblies. The opposite trend for the neutral Pt(II) complex (C2)
was observed, which initially formed rod-like assemblies after fast addition (t = 0
min) and spherical CCMV assemblies after pre-equilibration (i.e. 12 h). In both C1
and C2 complexes, the presence of Pt encapsulated in the CCMV assemblies was
confirmed by HAADF-STEM and EDX, however, further quantification of the Pt
content in these assemblies is still in progress. Interesting photophysical
properties are expected from the formed assemblies, which will be the subject of
future studies. Overall, the unique combination of highly luminescent Pt(II)
assemblies encased in a protective protein shell, as described here, opens up new
possibilities for the use of Pt complexes in biomedical applications. Not only is the
cytotoxic nature of Pt(II) expected to be reduced but the protective and stabilizing
protein shell could be modified for improved (or targeted) cell uptake efficiency.
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7.5 Experimental

7.5.1 Materials

The growth and purification of the native CCMV virus, including the removal of
RNA and isolation of the coat protein (CP) were performed according to literature
procedures.?? The purity of the CCMV-CP was confirmed by size-exclusion
chromatography (SEC), SDS-PAGE and UV-Vis spectroscopy. The anionic Pt-Tet-
S04 complex (C1) and the neutral Pt-Tet-TEG2 complex (C2) were synthesized and
characterized by the group of Prof. Luisa De Cola, Westfilische Wilhelms-
Universitat Miinster, Germany. All chemicals used for the preparation of buffers
were of analytical grade quality and all buffers were prepared in ultrapure (Milli-
Q) water.

7.5.2 Methods

Encapsulation of anionic Pt-Tet-SO4 complex (C1) or neutral Pt-Tet-TEG2 complex
(C2) into CCMV:

Different concentrations of C1 or C2 (2 mM, 4 mM and 8 mM) were prepared in
50 mM Tris-HCI buffer, 300 mM NaCl, 10 mM MgCl;, 1 mM DTT (pH 7.5). Two
different encapsulation strategies were used. In the first strategy, CP (400 uM)
were added immediately upon dissolution of the C1 or C2 complex (fast addition,
t = 0 min) whereas in the second strategy, C1 or C2 were allowed to pre-equilibrate
for 12 h, before addition of CP (delayed addition, t = 12 h). In both cases, the Pt(II) -
CP mixtures were allowed to incubate for 2 h at 4 °C on a roller bank to ensure
mixing. After incubation, the samples (including a reference containing only C1 or
C2 complex) were purified by size-exclusion chromatography, monitoring at A =
260 nm, A = 280 nm (corresponding to CCMV-CP absorbance) and A = 430 nm
(corresponding to C1 or C2 absorbance). Individual fractions were collected (60
uL) and those corresponding to CCMV capsid assemblies were further analyzed by
TEM.
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Size-exclusion chromatography:

Size exclusion chromatography was performed using the following buffers: 50 mM
Tris-HCI, 0.3 M NaCl, 1 mM DTT and 10 mM MgCl; (pH 7.5) and the GE Healthcare
FPLC Akta purifier 900 combined with fraction collector Frac-950. Samples were
injected into a 100 pL injection loop and purified over an analytic column Superose
6 10/100 GL (GE Healthcare) with a 2.4 mL bed volume. UV-Vis spectra were
recorded using a Perkin Elmer Lambda 850 UV spectrophotometer.

Transmission Electron Microscopy (TEM):

All TEM samples were examined using an analytical FEG-TEM (Phillips CM 30)
operated at 300 kV acceleration voltage. For each sample, 5 pL of purified C1 and
C2 CCMV assemblies were applied onto Formvar-carbon coated grids. The sample
was left to incubate for 30 s before removing the excess liquid using a piece of filter
paper. Uranyl acetate (5 pL, 1% w/v) was deposited on the carbon grid and the
excess liquid was removed after 20 s. The grid was left to dry for 30 min at room
temperature.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray analysis (EDX):

TEM analysis was performed using an image corrected FEI Titan 80-300 operated
at 300kV in STEM mode at the Karlsruhe Institute of Technology, Germany. The
Titan is equipped with an EDAX s-UTW EDX detector and a Gatan Tridiem 963
post-column energy filter. Samples were prepared on commercially available TEM
grids on nominally 2-3 nm thick carbon support film (Quantifoil) by depositing the
suspension on the grids for 30 s, rinsing them with deionized water and drying
them in air.

151



Chapter 7

7.6 Appendices

7.6.1 Appendix A: Size-exclusion chromatography of Pt-Tet-SO. complex
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Appendix A. Size-exclusion chromatogram of the anionic C1 complex (8 mM), monitoring at 260
nm, 280 nm and 430 nm. The elution peaks at 2 - 2.8 mL and at 4 - 4.4 mL are characteristic of
C1 aggregation or monomeric C1, respectively.

7.6.2 Appendix B: Cumulative frequency (%) of CCMV assemblies
encapsulating Pt-Tet-SO4 complex (C1)
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Appendix B. Cumulative frequency (%) distribution of CCMV assemblies at different C1

concentrations (2 mM, 4 mM and 8 mM) upon fast addition (t = 0 min) and delayed addition (t =
12h).
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7.6.3 Appendix C: Size-exclusion chromatography of Pt-Tet-TEG2 complex
(€2)
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Appendix C. Size-exclusion chromatogram of the neutral C2 complex (8 mM), monitoring at 260
nm, 280 nm and 430 nm. The elution peaks at 2 - 2.8 mL and at 4 - 4.4 mL are characteristic of
C2 aggregation or monomeric C2, respectively.

7.6.4 Appendix D: Cumulative frequency (%) of CCMV assemblies
encapsulating Pt-Tet-TEG2 complex (C2)
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Appendix D. Cumulative frequency (%) distribution of CCMV assemblies at different C2
concentrations (2 mM, 4 mM and 8 mM) upon fast addition (t = 0 min) and delayed addition (t =
12 h).
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Summary

The design and engineering of biological building blocks that self-assemble into
highly ordered, well-defined structures is of growing interest for applications in
nanotechnology. For applications in biomedicine and drug delivery, the design of
biomolecular cargo carriers has largely focused on either lipid-based assemblies
(vesicles and micelles) or protein-based assemblies (cage-like proteins and virus-
based assemblies). Owing to their reversible assembly, stability, monodispersity
and biocompatibility, viruses are highly attractive candidates and have
consequently received much attention. The outer shell of viruses is composed of
multiple copies of identical virus coat proteins that can be modified by chemical or
genetic means for enhanced functionality or molecular targeting, and their
self-assembly can be controlled by tuning the pH or ionic conditions. Based on
virus coat proteins, the term “virus-like particle” has been used to describe
protein-based entities that resemble the size and morphology of native viruses but
lack their natural genomic cargo. Viruses and virus-like particles have since been
used for the encapsulation of a broad range of functional materials. Yet, there is
still a lack in knowledge in the factors which drive the self-assembly process to
occur.

The aim of this thesis was to investigate and understand the interplay between the
molecular template and the virus coat protein of Cowpea Chlorotic Mottle Virus
(CCMV), in particular, how to control and direct the self-assembly of viruses. The
central theme of this thesis is based on the template-directed self-assembly of
viruses, with a particular emphasis on the topics described in Chapter 2 in relation
to viruses and functional cargo. The first two experimental Chapters, 3 and 4
described the controlled assembly of highly monodisperse virus-like particles
(using light-absorbing phthalocyanines and DNA-enzyme hybrids), Chapters 5
deals with template induced clustering of CCMV resulting (using a conjugated
polyelectrolyte) and Chapter 6 described structural changes in the CCMV shell
upon cargo release in the absent of Mg?* ions (using a photo-responsive self-
immolative polymer) and finally in Chapter 7 the tunable morphology of CCMV
from spherical to rod-like assemblies (using two different platinum(II) complexes)
is investigated.

The results presented in this thesis provide a detailed, systematic study of the role
of the molecular template in directing virus self-assembly and sheds new insights
towards the design of the next generation of functional hybrid materials.
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Samenvatting

Het ontwerpen en creéren van biologische bouwstenen die zichzelf rangschikken
in sterk geordende, precieze structuren is voor de nanotechnologie van steeds
groter wordende interesse. Voor toepassingen in bio-medicijnen en medicijn
afgifte ligt de focus voor het ontwerp van bio-moleculaire medicijn dragers
hoofdzakelijk op vet gebaseerde assemblages (vesicles en micellen) en eiwit
assemblages (kooi-achtige eiwitten en virus capside). Virus kapsels in het
bijzonder worden veel onderzocht omdat ze erg stabiel zijn, maar ook reversibel
kunnen assembleren, een constante grootte hebben en zeer biocompatibel zijn.
Deze virus kapsels zijn opgebouwd uit vele kopieén van identieke capside eiwitten
waarvan de zelf assemblage met pH en ionische condities gestuurd kan worden.
Ook kunnen deze kapsels op genetische en chemische wijze aangepast kunnen
worden om een vergrote functionaliteit of gerichtheid te verkrijgen. Deeltjes die
geen virussen zijn, maar wel gebaseerd zijn op de kapsel eiwitten en qua grootte
en vorm op de oorspronkelijke virussen lijken worden virus-achtige deeltjes
(Engels: virus-like particles) genoemd. Virussen en virus-achtige deeltjes zijn
veelvuldig gebruikt om een breed spectrum aan functionele materialen te
omkapselen. Desalniettemin is er weinig kennis over de factoren die het zelf
assembleren, al dan niet om lading heen, sturen.

Het doel van deze thesis was het onderzoeken en het verkrijgen van een beter
begrip van het complexe samenspel tussen de moleculaire template en de kapsel
eiwitten van het virus CCMV (Engels: Cowpea Chlorotic Mottle Virus) in het
vormen van het kapsel en specifiek hoe de kapselvorming gestuurd kan worden.
Het centrale thema van deze thesis is de template gestuurde zelf assemblage van
virussen, met de nadruk op de onderwerpen beschreven in hoofdstuk 2. In
hoofdstuk 3 en 4 wordt de gecontroleerde assemblage van zeer monodisperse
virus-achtige deeltjes beschreven, in hoofdstuk 3 met behulp van licht
absorberende phthalocyanides en in hoofdstuk 4 met DNA-enzym hybride deeltjes.
Daarna wordt er gekeken naar het template gedreven clusteren van de virus-
achtige deeltjes met behulp van, in hoofdstuk 5, een geconjugeerde polyelektrolyt
en, in hoofdstuk 6, een foto-degradeerbare polymeer. Als laatste wordt er in
hoofdstuk 7 gekeken naar de stuurbaarheid van de morfologie, van op CCMV
gebaseerde virus-achtige deeltjes, tussen bollen en staven door midden van
platina(Il) complexen.

De in deze thesis gepresenteerde resultaten geven een gedetailleerde en
systematische studie van de rol van moleculaire templates in het sturen van de
virus zelf assemblage. Deze resultaten geven nieuwe inzichten die van belang
zullen zijn bij het ontwerpen van de volgende generatie functionele hybride
materialen.
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