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Chapter 1

Viruses are small infectious particles that can infect living cells and hijack their
molecular machinery in order to multiply themselves. They are the causative
agents of many diseases affecting members of all three domains of life: eukaryotes,
bacteria and archaea. Although viral diseases such as the flu, measles and smallpox
have caused troubles for millions of years!, the fact that they are caused by small
particles, now called viruses, was only discovered about 120 years ago®. Three
scientists playing a key role in this discovery are Adolf Mayer, Dimitri Ivanovsky
and Martinus Beijerinck. In 1886, the German chemist Adolf Mayer, who at that
time was employed by the Agricultural School of Wageningen, recognised that the
sap extracted from tobacco plants suffering from tobacco mosaic disease was an
infectious substance. He applied the sap to healthy plants, which then showed signs
of the disease within a few weeks. He could, however, not identify a contagious
agent within the sap with the use of a light microscope. Next, in 1892, the Russian
scientist Dmitri Ivanovsky reported that sap passed through a porcelain filter such
that bacteria had been removed still remained infectious. He proposed the presence
of bacterial toxins in the infectious sap that cause the disease. Finally, the Dutch
scientist, Martinus Beijerinck, published a paper that is probably the seminal paper
about the discovery of viruses. He learned about the tobacco mosaic disease when
working as a colleague of Adolf Mayer at the Agricultural School of Wageningen.
When he became a teacher at the Polytechnical Institute of Delft, he carried out
a series of experiments, leading to the publication in 1898 about a contagious
living fluid. Beijerinck discovered that a large number of healthy plants could be
infected by a single diseased plant and therefore concluded that the infectious
agent, which he believed was a contagium vivum fluidum (contagious living fluid),
could reproduce itself in living plants®. For the contagious living fluid he coined
the name “virus”, which is Latin for poisonous liquid. Only in the 1930s, it would
be discovered that the infectious agent was not actually the fluid as a whole, but
nm-sized particles within the fluid?.

Viruses as a tool

As its Latin translation already suggests, viruses can cause illnesses, sometimes
leading to the death of the organism. Indeed, outbreaks of viruses, like Zika in
2015* and Influenza (a.k.a. swine flu) in 2009°, indicate the global impact viruses
can have. In the eyes of most people therefore, the word “virus” mostly has a very
negative connotation.

However, they are also remarkable nanoparticles that can be of great value in
medicine and biotechnology®. Their ability to efficiently deliver their nucleic acid
content into specific cells within a host organism is an incredible useful feature for
applications such as gene therapy in which (genetic) disorders are treated via the
delivery of therapeutic nucleic acids’. In addition, viruses come in a broad range
of shapes and sizes making them useful as nano-containers and nano-delivery
devices in a broad range of applications. Spherical particles, for example, are
highly suitable for storage of nucleic acids, drugs or enzymes in their internal
cavity, while rod-shaped particles, though having less internal storage space, tend
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General Introduction

to penetrate deeper into tissues leading to better therapeutic efficiencies when used
as a delivery device®°. Next, we discuss the most important strategies currently
used in the development of virus-derived and virus-inspired delivery vehicles (also
see Figure 1.1).

Natural viruses

Top-down

Modified viruses

V7

Synthetic viruses

Bottom-up

Polymers Lipids Proteins

(genetically-engineered)

Figure 1.1 — Design of viral tools. Viral tools can be developed either via a top-down
approach (top part of this figure) or via a bottom-up approach (bottom part of this
figure). The top-down approach involves the modification of natural viruses in order to
make them safe and more suitable for the intended application. Possible modifications
can be the introduction of mutations in or the complete deletion of viral genes. In the
bottom-up approach so-called synthetic viruses are created by using small non-viral
materials as their building blocks. These materials can be based on polymers, lipids
and (genetically-engineered) proteins.
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Top-down design: modified natural viruses

The top-down approach consists in molecularly modifying natural viruses to rem-
edy the real and perceived risks associated with their use in specific applications.
To achieve this, in general, viral genes involved in replication and assembly are
deleted from the encapsulated genome'®. Viruses modified in this way are inca-
pable of replicating in their host cells to form new virus particles and can therefore
be used more safely, for example to deliver therapeutic nucleic acids into patients,
such as in gene therapy. The first virus-based gene therapy that was approved in
Europe or the United States is known as Glybera'!. Glybera is composed of an
adeno-associated virus that carries and delivers an active version of the lipoprotein
lipase gene to patients with the rare genetic disease lipoprotein lipase deficiency!?.
Approval of this highly effective treatment by the European Commission in 2012
was a milestone in the field of gene therapy and shows the tremendous potential
of virus-based vectors in medicine.

Virus particles have also been modified to make them suitable for use in many
other applications such as for drug delivery and as nanoreactors for the production
of chemicals. Virus particles, sometimes composed of the capsid protein only, can
be loaded with therapeutic drugs, either on the inside in the internal cavity or via
chemical coupling on the outside of the particles'. This way, the viral capsids may
serve as drug-delivery devices, for example for the delivery of chemotherapeutics
for the treatment of cancer. They may also be used as nanoreactors, by loading
the viral capsids with enzymes that catalyse certain reactions in the production of
useful chemicals'#. In that case, the role of the virus is to act as a nano-container,
for example by keeping in close proximity a set of enzymes and small molecules
that together form a reaction cascade.

Finally, a form of modified viruses that everybody knows of is the vaccine. Vac-
cines prime our immune system already before an infection with certain natural
viruses has taken place. Various types of vaccines exist that are based on modified
natural viruses, for example, so-called live attenuated viruses, inactivated viruses,
or so-called sub-unit vaccines'®. That vaccination is a key strategy for the preven-
tion of viral diseases is evident from the fact that vaccination programs have led to
the world-wide eradication of smallpox'® and to massive reductions in the number
of reported cases for severe diseases such as polio, measles and tetanus (99.8%,
95.9% and 89.1% reduction since 1980 respectively)'’.

Despite the efficiency of virus-based tools for many applications, for each of
these applications there are also risks and limitations in their use. Viral capsid pro-
teins typically assemble into capsids with fixed dimensions, limiting the available
space in their internal cavity for storage of molecules such as nucleic acids, drugs
and enzymes. Furthermore, in many cases virus-based particles lack the required
target-cell specificity, which may result in delivery of the contents into off-target
cells and may have unintended side effects. Also, their safe use is often hampered
by their inherent immunogenicity. Additionally, for viral tools that promote the
incorporation of therapeutic DNA into the host cell genomes, there is a risk of
insertional mutagenesis. This may cause the aberrant expression of host proteins
and may eventually even result in the development of cancers'®1?. Finally, there
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are also real problems in the safe and efficient production of virus-based particles
for therapeutic applications in view of the many requirements that they should
obey?°.

Bottom-up design: synthetic viruses

Therefore, as an alternative many researchers have embarked on an ambitious
long-term effort to start developing artificial virus-like particles from scratch, as
a safe, more easy to be produced and better controlled alternative to virus-like
particles derived from natural viruses. Indeed, synthetic viruses cannot reproduce
in host cells, their safe and efficient production is much easier since they are built
from a finite set of precisely controlled components, and the risk of insertional
mutagenesis is minimal?!22,

In the bottom-up approach, synthetic (or artificial) virus particles are developed
that should mimic natural viruses in their ability to encapsulate and deliver nucleic
acid molecules (or other therapeutic molecules). They are built by combining a
finite number of well-defined molecular building blocks, like lipids and (protein)
polymers, in a way such that it is clear what the function is of each of the com-
ponents?>22, Such simplicity allows for better control and higher engineerability
of synthetic viruses. As yet, the same simplicity unfortunately also means that in
general they are not yet as efficient in delivery of nucleic acids and other cargoes
as compared to the much more complex natural viruses. Nevertheless, it is widely
believed that the bottom-up design of synthetic viruses will on the one hand help
us to increase our understanding of how natural viruses work and on the other
hand eventually lead to delivery devices that are safe and that rival the natural
viruses in efficiency of delivery.

Going beyond synthetic viruses, the same molecular building blocks such as
lipids and polymers are now not only used to design synthetic nanostructures that
mimic natural viruses, but also to design synthetic nanostructures mimicking other
biological structures such as organelles and even complete cells?>. By building
synthetic structures that mimic the structures in living organisms from scratch,
we obtain valuable insights in what components would be minimally required for
certain biological structures and hence for certain biological processes.

Finally, while in this thesis we focus only on synthetic materials for the delivery
of nucleic acids, we wish to emphasise that the same design principles are also
applicable for drug delivery vehicles more generally. Next, we describe in more
detail the design challenges for synthetic viruses, and give an overview of what has
been achieved in this area so far.
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Requirements for the delivery of nucleic acids using
synthetic viruses

Bottom-up designed synthetic viruses have to overcome several challenges?!>2224
that natural viruses have successfully learnt to deal with during the course of
evolution (Figure 1.2). Based on these challenges, a list of requirements can be
put together for synthetic viruses as nucleic acid delivery vehicles:

1) Protection of cargo from degradation

2) Non-immunogenic and low clearance by kidneys and liver
3) Non-toxic

4) Facilitate cell binding and entry

5) Facilitate endosomal escape

6) In the case of DNA, delivery to the nucleus

7) Easy to produce

We discuss the different requirements one by one. First of all, the synthetic virus
should protect its nucleic acid cargo against degradation (requirement 1). Naked
nucleic acid molecules are readily cleaved by nucleases®®, causing low therapeutic
efficiency. Synthetic viruses should thus shield their nucleic acid cargo from nucle-
ases which are found in both blood and tissues. At the same time, the synthetic
virus itself should not elicit immune responses (requirement 2), unless this is the
purpose of the therapy as for vaccinations or cancer immunotherapy. Upon admin-
istration, nanoparticles may be recognised and internalised by immune cells, such
as macrophages and dendritic cells, that eliminate foreign particles?®. In addition,
specific antibody responses may be generated which results in the rapid clearance
of the nanoparticles upon repeated administration. Depending on the route of
administration, nanoparticles are also subjected to clearance from the blood by
the kidneys and the liver?’. Particles smaller than 5 nm are excreted to the urine
via filtration in the kidneys, while bigger nanoparticles may experience hepatic
clearance due to uptake by hepatocytes or Kupffer cells (the macrophages of the
liver)?”28, The synthetic viruses themselves and their degradation products should
in addition not be toxic to cells (requirement 3). Toxicity may lead to cell death
and unwanted side effects.

If the synthetic viruses succeed in avoiding the immune system, their next
challenge is to deliver the nucleic acids to target cells. In order to do so, they
should specifically bind to the plasma membrane of the target cell and facilitate
entry, e.g. via passage through the plasma membrane or via endosomal uptake
(requirement 4)21-22.24  Specific binding to target cells also limits off-target delivery
and associated side effects®’.
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Figure 1.2 — Challenges during the delivery of nucleic acids by synthetic viruses.
In order to deliver their nucleic acid cargo to the target cells, synthetic viruses need
to overcome several challenges that otherwise (severely) reduce efficiency of delivery.
Upon systemic administration (top-left), synthetic viruses should avoid recognition by
immune cells, such as macrophages, and prevent degradation of their nucleic acid cargo
by nucleases. When they arrive at the target site, they ideally specifically bind to the
target cells only, after which they should be internalised by the cells. In general for
synthetic viruses, endocytosis is the uptake pathway, so that they need to escape from
the endosome to prevent degradation in the lysosome. Next, they should release or
unpack the nucleic acids, and in case of DNA also facilitate delivery into the nucleus.

The next step in delivery process is to deliver the nucleic acids to the appropriate
site within the cell, viz. to the nucleus for DNA and the cytoplasm for mRNA.
Depending on the entry pathway and the type of nucleic acids that are delivered,
various challenges exist. Most nanoparticles are internalised by the cell via en-
docytosis. The synthetic viruses should escape from these endosomes into the
cytoplasm (requirement 5)21:22:24 If they fail to do so, the endosomes will fuse
with lysosomes, resulting in the degradation of the synthetic viruses including the
nucleic acids, such that there is no therapeutic effect. If the synthetic viruses do
manage to enter the cytoplasm, the nucleic acid cargo should be released from
the delivery vehicle. mRNA molecules can now immediately be used as templates
for protein synthesis and this way exert their therapeutic effect. DNA molecules,
however, have to overcome an additional challenge, as they should also pass the
nuclear membrane prior to gene expression in the nucleus (requirement 6).
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Taken together, synthetic viruses have to deal with many biological barriers. Not
overcoming these barriers may reduce or even abolish the therapeutic efficiency of
the delivery vehicles. In addition to these biological challenges, synthetic viruses
should also be easy to produce (requirement 7). This requirement allows for
the safe and efficient production of delivery vehicles at low cost which is in great
contrast to natural viruses for which safe production is complex and expensive2°-22,

Current designs for synthetic viruses

Viruses are a major source of inspiration for nanomedicine and biotechnology, and
many groups have worked and are currently working on the bottom-up design of
virus-inspired synthetic materials for the encapsulation of nucleic acids. Various
types of molecules are used as building blocks for the construction of these synthetic
viruses, including lipids, polymers and proteins.

Lipid-based synthetic viruses

Given that many of the biological barriers to nucleic acid delivery are caused by
the presence of lipid membranes, it is not surprising that lipids are one of the
key types of molecules that have been explored for synthetic viruses. The lipids
allow for fusion with the cellular membranes and for release of the cargo into the
cytoplasm. In fact, the same mechanisms are exploited by many natural viruses that
are enveloped by lipid membranes. Lipids are amphiphilic molecules possessing
both hydrophilic and hydrophobic characteristics, and as a consequence have the
ability to self-assemble into bilayer vesicles named liposomes. Liposomes carrying
and protecting nucleic acid molecules can be easily produced (requirements 1 and
7) by simple self-assembly in the presence of the nucleic acids®®3!. They have been
shown to have good in vitro and in vivo transfection efficiencies and the therapeutic
feasibility of several formulations is currently tested in clinical trials®2. In fact, the
first synthetic delivery vehicle approved in the US and Europe (Onpattro; in 2018)
for the delivery of a small interfering RNA (siRNA) is based on lipids®3.

The high transfection efficiency for some formulations is thought to be specif-
ically related to the positive charge on their headgroups. On the one hand this
facilitates loading with negatively charged nucleic acids, and on the other hand
it also facilitates adsorption onto the negatively charged cell membranes which is
thought to promote endosomal escape via destabilisation of the endosomal mem-
brane (requirement 4 and 5)343°. Incorporation of fusogenic lipids such as di-
oleoylphosphatidylethanolamine (DOPE) likely further enhances membrane dis-
ruption upon acidification in the endosome®> 8. Overall, liposomes tick many of
the requirement boxes for the delivery of nucleic acids. Nevertheless, a major issue
exists regarding their biodistribution (requirement 2). Systemically administered
liposomes are mainly found in the liver where they are internalised by hepatocytes
via receptor-mediated uptake, or cleared from the blood by Kupffer cells®®. Unless
the liver is the target of delivery, it remains extremely challenging to target specific
locations within the body via the systemic route using lipid-based delivery vehicles.
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Polymer-based synthetic viruses

Two well-known examples of polymers that are used for the protection and delivery
of nucleic acids (requirement 1) are polyethylenimine (PEI) and polylysine?* 32,
These strongly positively charged polymers complex with nucleic acids through
electrostatic interactions and, as is the case for cationic lipid particles, the excess
positive charge also facilitates binding of the complexes to the negatively charged
cell membranes (requirement 4). The polymer-based synthetic viruses are inter-
nalised via endocytosis*®, but their ability to also escape from the endosomes
(requirement 5) into the cytoplasm is dependent on the type of polymer that is
used. For PEI-based particles, the proton sponge hypothesis was proposed as the
mechanism for endosomal escape®*4:42, At neutral pH, PEI is only partly proto-
nated so that it can act as a buffer by binding the protons that are imported into
the endosome. Consequently, acidification of the endosome is limited and as the
proton influx is coupled to the influx of chloride anions, the ionic concentration
increases. This will then lead to the influx of water and, due to the increased
osmotic pressure, the swelling of the endosome. Swelling causes the endosomal
membrane to become leaky, with endosomal escape of the PEI-based particles as
the result. Polymers that do not exhibit the buffering capacity that PEI shows, such
as polylysine which is already fully protonated at neutral pH, often do not allow
for efficient endosomal escape and show much lower transfection efficiencies*>*4.
Modifying such polymers with ligands or reagents that facilitate endosomal escape
may then be an effective strategy to improve transfection.

Although (modified) polymers do show the ability to deliver nucleic acids into
cells, they are also associated with immune activation*>#® and high cytotoxicity*’
(requirements 2 and 3). Immune activation results in clearance of the polymer
complexes and is related to the charge of the polymers*. Also the degree of
toxicity is related to the polymer characteristics, where an increase in particle size
or branching typically results in higher cytotoxicity*®. Furthermore, red blood
cells and negatively charged proteins in the blood can interact with the positively
charged polymers, causing the formation of toxic aggregates that inhibit delivery
to the target tissues and that are rapidly cleared from the blood*”#°.

Often, transfection efficiencies of both polymer-based and lipid-based synthetic
viruses can be enhanced through the coupling of the hydrophilic polymer polyethy-
lene glycol (PEG) to the polymers or lipids®!:4>4°, Upon complexation with nucleic
acids, the PEG forms a hydrophilic corona around the nanoparticle. The corona
provides colloidal stability and, by shielding the positive charges, prevents binding
of the complexes to red blood cells and negatively charged proteins in the blood*®.

Protein-based synthetic viruses

The design of protein-based (non-viral) synthetic viruses is relatively new in the
fields of nanomedicine and biotechnology, so that the available data is limited
compared to lipid- and polymer-based synthetic viruses. Nonetheless, proteins
have the potential to become a highly important material for the design of synthetic
viruses and delivery vehicles in general. The fact that they are based on proteins
means that they can be closer mimics of natural viruses, for which the capsids

9
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are also made out of protein. Furthermore, protein-based synthetic viruses are
likely to be less toxic to cells as they are biodegradable (requirement 3). The
third, and maybe most important reason why proteins are so interesting for the
design of synthetic viruses, is the fact that they can be very precisely genetically
engineered. Genetic engineering provides an excellent way to precisely control the
amino acid sequence, length and molecular weight, which are crucial determinants
for the biodistribution, clearance, transport and immunogenicity®°>2. In addition,
functionalities such as cell binding and endosomal escape (requirements 4 and 5)
can be easily incorporated in protein designs via genetic engineering®>>°. Protein
components of synthetic viruses can be produced in production hosts, such as
bacteria, yeast and plants®®>8, to allow for the easy manufacturing of protein-
based synthetic viruses (requirement 7).

The self-assembly of proteins into nanostructures is not only typical for viral
assembly, but is also a key process in the organisation of biological systems. Self-
assembly of non-viral proteins, for example, provides structural rigidity to cells and
tissues via the formation of a cytoskeleton and the extracellular matrix. For creating
synthetic protein-based virus-like particles, we need not to only use proteins of viral
origin, but we can be inspired by any natural protein, including structural proteins
such as collagen®® and its hydrolysed variant gelatin®®-®!. Also, non-viral proteins
such as lumazine synthase®? are being explored as inspiration and building blocks
for delivery vehicles. The latter protein is in fact an enzyme that in some species
assembles into icosahedral protein cages. Using genetic engineering, such proteins
can be optimised for encapsulation of molecules such as green fluorescent protein
and nucleic acids®*-%>. An interesting next step would be to evaluate the ability of
these protein assemblies to deliver nucleic acids into cells.

Despite our current ability to precisely genetically engineer all kinds of proteins,
the above mentioned natural proteins are not necessarily optimal building blocks
for the design of synthetic viruses. Often, small changes to amino-acid sequences
of natural self-assembling proteins have large consequences for their self-assembly
and functional properties, which are difficult to predict or understand®®-°. If we
could de novo design the protein sequences for self-assembling protein capsids, one
would hope that for such sequences we have much better control over the protein
structure-function relationships. The design of such sequences may of course still
be inspired by natural proteins.

In particular, sequence motifs found in structural proteins in nature, such as
collagen, elastin and silk, can be used to generate proteins for novel purposes
that combine a range of desired functions. In addition, it is now also possible
to de novo design new protein sequences using computational methods. Using
software, such as Rosetta, new protein sequences can be generated with the desired
architectures and functions®®. For example, Baker and colleagues recently reported
the computational design of two proteins that co-assemble into a 120-subunit
icosahedral protein nanostructure’®. These proteins were able to encapsulate green
fluorescent protein molecules through electrostatic interactions’?. Interestingly, the
design of these proteins could in addition be optimised for the encapsulation of
mRNA by using directed evolution”! and, in fact, this is the first time scientists
report the design of a non-viral protein nanostructure that can encapsulate its own
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genome. In the next section, we will focus on the de novo design of proteins using
sequence motifs taken from natural structural proteins such as collagen, silk and
elastin.

De novo design using sequence motifs from natural
structural proteins

Often, natural structural proteins consist of highly repetitive sequences with
many repeats of small motifs that adopt specific conformations and have spe-
cific physical properties. For example, the amino acid sequence of silk proteins
from the silkworm Bombyx mori consists of an alternation of crystallisable and
amorphous blocks’?, where the crystallisable blocks are repeats of characteristic
glycine-alanine sequences such as (GAGAGS), and the amorphous blocks are very
rich in prolines and glycines. Such characteristic short sequence motifs can be
identified in many structural proteins. Using recombinant DNA technology, repeats
of these motifs can be expressed in production hosts resulting in the production
of recombinant protein polymers that behave similarly to the functional domains
within the natural proteins, but are more homogeneous in their sequence. If multi-
ple sequence motifs are combined, new recombinant protein block copolymers can
be generated that have a new set of properties. In the next paragraphs, common
sequence motifs in natural proteins and some examples of designed protein block
copolymers are discussed (also see Figure 1.3a).

Collagen-like motif

Collagen is the main component of the extracellular matrix, providing structural
support and tensile strength to tissues such as tendons, cartilage, bone and skin.
It forms triple helices that (in the case of collagen type I ) ultimately bundle into
collagen fibres’®. Characteristic for collagens is the repeat sequence (GXaaYaa)
that is now known to be required for triple helix formation. The Xaa and Yaa posi-
tions within this sequence motif are often occupied by the amino acids proline and
hydroxyproline respectively’+7>. Hydroxylation of the proline at the Yaa position
is one of the key processes in the production of functional collagens. The enzyme
required for proline hydroxylation is not found in the common production hosts
such as yeast and bacteria. Hence, functional recombinant protein polymers based
on the collagen (GXaaYaa) motif were initially only produced in the less produc-
tive mammalian cells that do naturally express the enzyme. Later, the common
production hosts such as yeast and bacteria were engineered to co-express collagen
and the prolyl hydroxylase enzyme, such that functional collagens could also be
produced in more productive hosts”®”7. Recombinant collagens have now been
developed that mimic the ability of natural collagens to provide support and tensile
strength to tissues and have been used in various biomedical applications such as
drug delivery and tissue engineering’®78.

A collagen-inspired protein polymer that was first reported by Werten et al.”?,
has been extensively used in the work that precedes the work described in this
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a Random coil Triple-helix
Xaa & Yaa = mostly hydrophilic, Xaa & Yaa = often proline (P) and
uncharged amino acids hydroxyproline

Collagen-like motif
(GXaaYaa),

Elastin-like motif
(GXGVP),

B-roll
X = glutamine (Q), histidine (H) or glutamic acid (E)

Silk-like motif
(GAGAGAGX), M

Figure 1.3 — De novo design of synthetic viruses based on natural protein mo-
tifs. a) Three examples of simple repeat motifs found in natural structural proteins
(collagen-, elastin- and silk-like), including the amino acid sequence where n is the
number of repeats and the adopted conformation of a protein block based on that se-
quence motif. b) De novo designed artificial viral capsid protein that mimics the capsid
proteins of Tobacco Mosaic Virus. The protein consists of three blocks: an oligolysine
in red, a silk-like motif in purple, and a random coil block in green that is based on
either the collagen-like or the elastin-like motif.
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thesis®%-82, It also plays a role in this thesis since it is a potentially interesting
protein polymer for the design of protein block copolymers that encapsulate and
protect nucleic acids and other polyanionic molecules®38>. This polymer is a repeat
of the (GXaaYaa) motif found in collagen but now the Xaa and Yaa positions are
mostly occupied by hydrophilic, uncharged amino acids”®. Unlike the triple helices
formed by functional collagen, this highly hydrophilic protein polymer adopts a
random coil conformation such that its solution structure more resembles the
denatured or hydrolysed form of collagen known as gelatin.

Elastin-like motif

Similar to collagen, elastin is a structural protein that is abundantly present in
the extracellular matrix of vertebrates including humans. It provides elasticity
and strength to tissues such as arteries, skin, lungs and ligaments. The amino
acid sequence of the precursor of elastin, tropoelastin, features an alternation
of hydrophobic and hydrophilic blocks®®. Upon secretion into the extracellular
space, lysine residues within the hydrophilic domains are crosslinked to form the
insoluble elastin fibrils that provide strength to tissues®®. Elasticity of the fibrils
was found to arise from the flexibility of the hydrophobic domains®”-8. Several
repeat sequences exist in the tropoelastin hydrophobic domains, but the (GXGVP)
motif is the most commonly used to generate recombinant repeat proteins named
elastin-like polypeptides (ELPs). Position X in this motif is the so-called guest
residue. It can be occupied by any amino acid except proline.

ELPs show lower critical solution temperature (LCST) transition behaviour in
aqueous solutions, which means that they transition from being in a one-phase
state composed of soluble polymer chains at low temperature to a two-phase state
with aggregated chains in a solution at high temperature. In the latter case, one
phase is very dilute in the ELP, while the other phase contains the aggregated ELPs
in solution. This type of phase separation, which is fully reversible, is sometimes
also called coacervation. The temperature at which phase separation occurs is
very precisely defined and is called the inverse transition temperature (T.)%%%.
Values of the T; are sensitive to the chemical details of the ELPs (e.g. amino acid
sequence and polymer chain length)?'=3 and to environmental conditions (e.g.
salt concentration)®*. Hence, by changing the chemical details of the ELPs it is
possible to precisely tune the T,.

At temperatures below the T, ELPs are intrinsically disordered, although sev-
eral studies suggest the presence of 3-turns within the structure of the soluble
ELPs”%-9%-96_ For simplicity we here consider ELPs below their LCST to be randomly
coiled flexible polymers. Above their LCST on the other hand, ELPs are assumed
to adopt more secondary structures like 3-sheets, but the exact conformation is
still under debate®®. Because of their tunable LCST-type behaviour, ELPs are an
interesting class of de novo designed proteins that are being used in for example
protein purification, drug delivery and tissue engineering®’~°°. Another favourable
property of ELPs for biomedical applications is that they have been found to be
biocompatible®”-190,
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Silk-like motif

Silk is a unique material that is mostly built from protein, and which has a me-
chanical strength that matches that of engineering materials such as Kevlar and
steel’? 101, Silks are produced by several insects and spiders, who use these ma-
terials for purposes such as protection and prey catching. For centuries, silk has
been used by humans in the textile industry. More recently, it has also become an
important material for biomedical applications!°>71%7, Amino acid sequences of silk
proteins feature an alternation of amorphous domains and crystallisable domains.
The latter mediate local self-assembly of the silk proteins into nano-fibrils via the
formation of 3-sheets, thereby acting as cross-links and imparting strength to the
material. On the other hand, the amorphous domains are extensible and make the
silk material not only strong, but also difficult to break, or in other words tough.
Depending on the species producing the silk, different sequence motifs can be
identified in both the amorphous and the crystallisable domains. As for the crys-
tallisable domains, while alanine repeats are commonly found in spiders, in the
Bombyx mori silkworm the common motif consists of glycine-alanine repeats’? 101,
Based on the glycine-alanine (GA) repeats found in B. mori, Tirrell and coworkers
designed and produced, in bacteria, protein-based polymers with the sequence
[(AG)EG], . These were shown to form silk-like 5-sheet assemblies'®®.

In work at Wageningen University preceding the present work, various pro-
tein block copolymers were designed and produced in yeast that also contain se-
quence motifs inspired by the sequence of B. mori silks. This work used the motif
(GAGAGAGX), with either glutamine, glutamic acid or histidine at position X. Pro-
teins with repeats of this octapeptide were shown to self-assemble into fibrils due
to the formation and stacking of 3-rolls, wherein the first six amino acids of each
octapeptide form the 3-sheets and the seventh and eight GX residues are present
in the turns!®®-111, Interestingly, the self-assembly behaviour could be controlled
by choosing the residue at position X. Incorporation of glutamic acid or histidine
results in a pH sensitive crystallisation, with glutamic acid promoting self-assembly
at low pH!'2 13 while silk-based polymers with histidine are soluble in acidic so-
lutions and show self-assembly at neutral pH'!4. For glutamine at the X position,
which is the choice made for the silk-like domains used in the present thesis, we
cannot control the crystallisation of the 5-sheets and the resulting fibril formation
by tuning the pH. These proteins start crystallising and forming fibrils as soon as
they are dissolved.

Protein block copolymers

By using recombinant DNA technology, many groups have designed protein-based
block copolymers that combine silk-like blocks with either elastin-like or collagen-
like blocks. Materials made out of such protein-based block copolymers combine
the properties of the blocks from which they are made. For example, silk-elastin-
like polypeptides (SELPs) combine the strength of the crystallisable blocks of
B. mori silk with the flexibility of elastin, resulting in a tough biomaterial''>. The
properties of the biomaterial can be precisely tuned by changing for example the
relative lengths of the silk- and elastin-like blocks'!®, the type of guest residue X
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used in the elastin-like block”?, or the type of corner residue X used in the silk-like
crystallisable block!!2-114, Similarly, the molecular structures into which the pro-
tein polymers assemble can be tuned from assembly into micelles, to assembly into
fibrils, to assembly into hydrogels®!: 115117 All of these protein-polymer structures
can be exploited in many ways for biomedical applications!®® 118119 for example
in tissue engineering, drug delivery and more specifically, in gene delivery, which
is the application closest to the work described in this thesis.

A de novo designed artificial viral capsid protein mim-
icking TMV capsid proteins

The work in the present thesis builds on earlier work done at Wageningen Uni-
versity, in which a silk-like, a collagen-like, and a simple polycationic motif were
combined into a protein-based block copolymer that mimics the co-assembly of
nucleic acids with viral capsid proteins®3. The design of this protein was inspired
especially by the Tobacco Mosaic Virus (TMV).

The protein consists of three blocks (see Figure 1.3b) each coding for a spe-
cific physical property of the TMV capsid proteins: nucleic acid binding, self-
assembly and colloidal stability. For colloidal stability, the collagen-like sequence
C = (GXaaYaa)i3z was used, which adopts a random coil conformation. For self-
assembly into a rod-shaped particle, mimicking the rod-shaped TMYV, a silk-like
domain was used: S?y = (GAGAGAGQ)o. Finally, for binding to nucleic acid
templates, an oligolysine K15 was used, since these are well known to strongly bind
to nucleic acids (as well as to other polyanionic polymers)&3:84,

As for TMV,, the final triblock protein C-S2;-K1, self-assembles into rod-shaped,
synthetic virus-like particles (VLPs) upon binding to polyanionic templates such
as DNA®%84, The rod-shaped core of the VLPs is composed of the 3-roll forming
silk-like blocks S?;, that stack on top of each other (Figure 1.3b). The polyanionic
template is encapsulated in the rod-shaped particles through electrostatic inter-
actions with the flexible K7, blocks attached to the rod-shaped silk-inspired core
of the VLP. Finally, the amorphous C blocks form a corona around this silk-like
core and the encapsulated template (Figure 1.3b). For encapsulated DNA and RNA
templates®38° it was shown that they are protected from degradation by nucleases,
which we hypothesise is due to the shielding effect of the amorphous C blocks.

Interestingly, encapsulation of polyanionic templates in the synthetic VLPs also
leads to their condensation. It was found that for double-stranded linear DNA
the ratio between the contour length of the template and the length of the rod-
shaped VLPs was a constant factor (referred to as the packing factor) of ~3 83, The
silk-inspired block, that gives rise to the distinct rod-shape of the VLPs was found
to be essential for condensation: proteins lacking the silk-like block (C-K;3), or
having silk-like blocks too small to be able to allow for self-assembly into a rod-
shaped fibril (C-S?,-K1, and C-S%4-K1, ) fail to condense nucleic acid templates.
Instead they simply coat them, while preserving the original contour length of the
templates.
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The C-5%0-K1» protein triblock copolymers, also referred to as artificial viral
capsid proteins, are potentially interesting for applications such as gene therapy
and nucleic acid-based vaccinations. In addition, their simple design make them
ideal model systems for studying the self-assembly, and maybe also other aspects,
of natural viruses.

Improvements and design rules

In order to improve the design of the artificial viral capsid protein, so that it can be
optimised for nanomedicine and biotechnology applications, we will first discuss
whether the current design meets with the requirements discussed earlier in this
introduction, and then discuss some other design rules proposed in the literature.

The C-S?p-K15 proteins are produced in yeast, which is a relatively easy expres-
sion host (requirement 7). In addition, the design based on protein motifs allows
for genetic engineering so that new designs can also be produced rather easily. As
already mentioned above, the produced proteins are capable of protecting encap-
sulated nucleic acid molecules from nuclease activity®®8 so that these proteins
also meet with the first requirement discussed earlier (requirement 1). If the VLPs,
formed after encapsulation of nucleic acids, are meant to be used inside the body,
these VLPs should be non-immunogenic, non-toxic and exhibit a low clearance rate
(requirements 2 and 3). Although experiments to determine these properties have
not been performed yet for the C-S2;,-K1, VLPs, we believe there is a good chance
that they are not very immunogenic or toxic since the VLP corona formed by the
C block, is based on natural collagen of which plenty can be found in the human
body.

When the purpose of the artificial viral capsid proteins is to deliver cargo to
cells, they should also facilitate cell binding and entry (requirement 4), endosomal
escape (requirement 5), and in the case of DNA cargo, also delivery to the nucleus
(requirement 6). Limited data is currently available on the efficiency of the C-S2;o-
K1, VLPs to deliver their nucleic acid cargo inside cells. For delivery of mRNA,
a very low efficiency of transfection was observed in HEK293 cells, and in HeLa
cells the efficiency was too low to be detected®. The particles have also been
reported to allow for transfection of HelLa cells with plasmid DNA®3, but as was
later established (MSc thesis of Hanna de Jong), the efficiency of transfection
is again very low. Successful transfection requires a number of steps to each be
successful (cell attachment, cell entry, endosomal escape, entry in nucleus for
DNA) and it is not known which step, or which steps are problematic for the VLPs
made with the artificial viral capsid proteins. Only after this has been established
we would be able to further improve the properties of the artificial viral capsid
proteins as delivery agents of nucleic acids.

Design rules for protein-based synthetic viruses

To implement requirements that are not yet covered by the current design of our
artificial viral capsid protein or to optimise the design for other applications, various
design rules should be taken into account. Design rules for viral and non-viral
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nanoparticles are extensively discussed by Steinmetz et al.®2° and will be briefly
summed-up here.

Firstly, the charge of a nanoparticle affects its binding to cell membranes,
thereby influencing the probability to bind and enter target cells. Specifically, posi-
tively charged particles bind more efficiently to cells via electrostatic interactions
since cell membranes are negatively charged.

An important consideration is also the size and shape of the nanoparticles.
Larger nanoparticles have bigger surface areas with which they can make contacts
with cells and this may facilitate cell binding. Larger nanoparticles, however, may
also be more susceptible to hepatic clearance which would lower their efficiency.
The size should thus be optimised for the application. Regarding the shape of
a nanoparticle, rod-shaped architectures seem to contribute to higher delivery
efficiencies as they seem to be able to penetrate deeper into tissues than spherical
particles®®. On the other hand, their narrow internal cavities may also be less
suitable for cargoes other than nucleic acids.

An effective strategy to avoid immune recognition, reduce clearance and to
protect the cargo is by shielding the nanoparticle from proteins in the blood and
from components of the immune system. This can be achieved by applying a coat
at the surface of the nanoparticle. The coats that work best are hydrophilic and
flexible, and have a high enough density to fully cover the surface!?!.

Most factors determining the efficiency of a nanoparticle, such as clearance
and cell binding, are dependent on more than one of the above mentioned design
properties. It is thus essential to optimise each of them in the context of each other.
For example, if the design of a nanoparticle is improved with a shielding domain
that further reduces the clearance of the particles, it may be possible to at the same
time increase the size a bit. Increasing the size may lead to more clearance, but
this is counteracted by the better shielding. Increasing the size, however, also may
lead to better cell binding and subsequent entry.

Outline of this thesis

In this thesis we aim to increase our understanding of the physical (self- and co-
assembly) behaviour of the artificial viral capsid proteins and its interaction with
cells in vitro, in order to eventually improve its design for applications in nucleic
acid delivery. We explore the modularity of the design by either replacing single
protein blocks for other ones or attaching new functional groups, and by analysing
how these changes influence the behaviour of the whole protein.

The original protein C-S?y-K1, was produced previously in the yeast Pichia
Pastoris. To facilitate more convenient production of a wide range of new artificial
viral capsid proteins, we have first aimed at producing artificial capsid proteins
in the bacterium Escherichia coli. To this end, in newly designed and produced
proteins, the amorphous collagen-inspired C block was replaced by the amorphous
elastin-inspired ES,, block with the amino acid sequence (GSGVP),,. This obviously
may have consequences for the self-assembly of the artificial viral capsid proteins,
and this is the first topic that is addressed in this thesis.
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First, in Chapter 2 we explore how amorphous elastin-like and silk-like crys-
tallising blocks influence each other’s behaviour in order to better understand how
to optimise the design of the artificial viral capsid protein for template-induced
assembly. To that purpose we designed and produced a series of nine ES,,-S?,
diblock proteins with varying lengths of the amorphous ES,, block and the crys-
tallisable SQ, block, where m = 40, 60 or 80 and n = 6, 10 or 14. We show
that for self-assembly a minimum length of the crystallisable block is required and
that just above this length self-assembly of the crystallisable block is suppressed
with increasing lengths of the amorphous block. For longer lengths of the crys-
tallisable block, there is not much influence of the amorphous block length on the
self-assembly of the crystallisable block. We conclude therefore, that for template-
induced assembly, suitable proteins should have a crystallisable S?, block length
just above the minimum length required for crystallisation, such that the assembly
behaviour can be fine-tuned by changing the amorphous ES,, block length.

Next, in Chapter 3 we study the effect of replacing the amorphous C block for
the amorphous E®,, block on the self-assembly and co-assembly of the artificial viral
capsid triblock proteins. We produced the new triblock protein ESgy-S2;¢-K15 for
which the amino acid length of the ESgq block is almost equal to the length of the
C block. We show that despite the approximately equal lengths of the amorphous
blocks, self-assembly without a template is much stronger for ESgy-5?10-K1, than for
C-S2p-K15. Presumably this is due to differences in the hydrophilicity of the two
amorphous blocks. Co-assembly with a DNA template was however very similar
for both proteins. Therefore we conclude that replacing the amorphous block with
the elastin-inspired sequence does not affect the co-assembly behaviour of these
proteins.

In Chapter 4 we continue to explore the modularity of the artificial viral capsid
proteins by replacing the non-specific DNA binding domain K;, for a sequence-
specific DNA binding domain, with the aim of making the capsid proteins sensitive
to a packaging signal in the DNA template. This is a further step in mimicking
relevant properties of natural viruses, and it could help to allow for packaging of
specific sequences in complex environments such as the cytoplasm of living cells.
The binding domain that we focus on is based on the zinc finger (ZnF) found in
the Drosophila melanogaster GAGA factor. Similarly to some natural viral capsid
proteins, we intend this ESgy-S?0-ZnF protein to first bind to a specific sequence
in the DNA template (the packaging signal) which then triggers encapsulation of
the rest of the template. We here show our work towards the development of such
a packaging-signal sensitive version of the artificial viral capsid protein.

In Chapter 5, we focus on one of the key steps in the delivery of nucleic acids to
cells for therapeutic applications, viz. the cell entry of the artificial virus particles.
We visualise cell entry by fluorescently labelling both the C-S?;y-K;, proteins and
the mRNA templates. In addition, we investigate whether cell entry is improved
by conjugating an RGD cell-binding peptide to the N-terminus of the amorphous
block of the C-S?;-K1, proteins. We find that VLPs with mRNA readily enter the
HelLa cells and presumably end up in endosomes. The level of uptake is found to
only slightly increase by the presence of the RGD peptides, presumably, because of
the shielding effects of the large and flexible amorphous C block.
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Finally, in Chapter 6 we discuss the conclusions of our work, which we formu-
late as two new design rules for self-assembling synthetic viruses, and as additional
recommendations for further improvements of their design. We also speculate on
the possible conformation of a DNA encapsulated by the artificial viral capsid
proteins. Finally we discuss how versions of the artificial viral capsid proteins
(improved as suggested by us) could be used in a broad range of applications.
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Inducible fibril formation of
silk-elastin diblocks

Silk-elastin block copolymers have physical and biological properties that make them
attractive biomaterials for applications ranging from tissue regeneration to drug deliv-
ery. Silk-elastin block copolymers that only assemble into fibrils at high concentrations
can be used for template-induced fibril assembly. This can be achieved by additionally
including template-binding blocks that promote high local concentrations of polymers
on the template, leading to template-induced fibril assembly. We hypothesise that
template inducible silk-fibril formation, and hence high critical concentrations for
fibril formation require careful tuning of the block lengths, to be close to a critical
set of block lengths that separates fibril forming from non-fibril forming polymer
architectures. Therefore, we explore herein the impact of tuning block lengths for
silk-elastin diblock proteins on fibril formation. For silk-elastin diblocks ES,,-S9,, , in
which the elastin pentamer repeat is ES = GSGVP and the crystallisable silk octamer
repeat is S° = GAGAGAGQ, we find that no fibril formation occurs for n = 6, but
that the n = 10 and 14 diblocks do show concentration-dependent fibril formation.
For n = 14 diblocks no effect is observed of the length m (with m = 40, 60, 80) of the
amorphous block on the lengths of the fibrils. In contrast, for the n = 10 diblocks that
are closest to the critical boundary for fibril formation, we find that long amorphous
blocks (m = 80) oppose the growth of fibrils at low concentrations, making them
suitable for engineering template-inducible fibril formation.

A modified version of this chapter is submitted as:
L. Willems, S. Roberts, I. Weitzhandler, A. Chilkoti, E. Mastrobattista, J. van der Oost and R.J. de Vries,
Inducible fibril formation of silk-elastin diblocks.



Chapter 2

Introduction

Silk is a naturally occurring biomaterial with a unique combination of elasticity
and strength approaching the mechanical properties of materials like Kevlar!-2. For
millennia, humans have repurposed naturally occurring silk in textiles, and the
unique properties of this material have led to its widespread use as a biomaterial®.
Silk films have been used as wound covers to protect against infections?, silk hy-
drogels and sponges, and porous microtubes have been used as scaffolds for the
delivery of cells and/or cytokines®>~ and for tissue regeneration®, and silk capsules
have been proven useful for drug delivery® 10,

Applications of silk proteins and engineered silk-like polymers are to a large ex-
tent determined by their unique self-assembly behaviour which is controlled by an
alternation of crystallisable and amorphous sequence motifs. In early studies on the
structure-property relationship of silk-like polymers, Tirrell and coworkers synthe-
sised and studied protein-based polymers with the general sequence [(AG),EG],
inspired by the crystallisable blocks of Bombyx mori silks. Next, mimicking the
alternation of crystallisable and amorphous blocks of natural silks, various groups
have developed block copolymers with both crystallisable and amorphous blocks.
In particular, silk-elastin-like polypeptides (SELPs)'!12 have been developed that
are composed of multiple crystallisable silk-like blocks such as (GAGAGS),, and
amorphous elastin-like (GXGVP),, blocks, where X is the so-called guest residue
in the consensus motif for elastin-like polypeptides (ELPs). Another type of amor-
phous block that has been explored extensively for use in silk block copolymers!3-18
is a collagen-like polypeptide (GXaaYaa),, with the Xaa and Yaa residues chosen
to be mostly uncharged and hydrophilic such that these blocks adopt random coils
rather than triple helical configurations?.

Silk-like polymers often assemble into fibrils and for many applications it would
be advantageous if silk fibril formation could be engineered to be induced by
specific templates. One approach is to locally concentrate the precursors on the
template, and use silk-like polymers that only self-assemble into fibrils at high
concentrations. This approach - that of driving fibril formation by a change in
concentration - has been realised for the specific case of the virus-like encapsulation
of single DNA molecules, using a silk-like polymer endowed with a K15 oligolysine
DNA binding domain?°. For the triblock copolymer (GXaaYaa)i32-(GAGAGAGQ)1o-
K1, it was shown that in the absence of a DNA template it only forms fibrils at high
concentrations (above 80 uM). However, already at much lower concentrations
and when mixed with DNA, the triblock spontaneously forms rod-shaped virus-like
particles. Each virus-like particle encapsulates a single DNA molecule, and has a
core formed by a silk fibril.

A remaining outstanding question, and one that we attempt to answer herein
for silk-elastin diblocks, is what the requirements are on the silk and elastin block
lengths to arrive at silk polymers that only assemble into long fibrils at rather high
concentrations. Normally concentrations are much lower, but fibril formation could
be induced by an external template onto which the protein accumulates. With this
in mind, we study the concentration-dependent fibril formation of silk-elastin-like
diblocks, (GSGVP),,,-(GAGAGAGQ), for a range of block lengths n and m.
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Materials & Methods

Materials

pET24a(+) was previously modified for PRe-RDL (recursive directional ligation by
plasmid reconstruction) cloning?!. PRe-RDL vectors containing the genes encoding
ES, = (GSGVP),, (with m = 40, 60 and 80) were developed previously??. Cus-
tom oligonucleotides for the construction of the silk blocks S?, = (GAGAGAGQ),
were synthesised by Integrated DNA Technologies Inc. Restriction enzymes, calf-
intestinal phosphatase (CIP) and Quick Ligation kit were ordered from New Eng-
land Biolabs, and T4 DNA ligase buffer was purchased from Invitrogen. The DNA
miniprep, gel purification and PCR purification kits were purchased from Qiagen
Inc. Chemically competent E. coli cells (EB5Alpha and BL21 (DE3)) were pur-
chased from EdgeBioSystems, and the TBdry growth media was purchased from
MO BIO Laboratories Inc. The 4-20% Ready gel Tris-HCI precast gels and Precision
Plus Protein Kaleidoscope Prestained Protein Standard were all purchased from
BioRad.

Concatemerisation of silk-like repeat

To construct vectors carrying the silk-like repeat S2, (with n = 6, 10 or 14), two
complementary custom oligonucleotides were designed. They encode two repeats
of the silk-like sequence, S%; = (GAGAGAGQ),: 5-cGCTGGTGCTGGTGCTGGTCA-
AGGAGCCGGTGCTGGAGCCGGCCAAgg-3’ and 5-TTGGCCGGCTCCAGCACCGGC-
TCCTTGACCAGCACCAGCACCAGCgcc-3’. The two oligonucleotides were 5’ phos-
phorylated to allow efficient ligation into the vector. They were annealed at a con-
centration of 2 uM in T4 DNA ligase buffer by heating to 95°C for 2 min followed
by slowly cooling the solution to room temperature over 3 hours. The pET24a(+)
PRe-RDL cloning vector, was linearised by digesting approximately 2 ug of the
vector with 5 U of BseRI for 2 hours at 37°C, followed by dephosphorylation of the
5’ ends with 10 U of CIP for 30 min at 37°C. The linearised vector was purified
using a PCR purification kit before ligation with the annealed oligonucleotides.
Ligation and concatemerisation was conducted by incubation of an excess amount
of the annealed oligonucleotides with the vector at room temperature for 5 min in
the presence of Quick ligase and 1x Quick ligase buffer. Due to the design of the
oligonucleotides, multiple copies of the S2, annealed oligonucleotides can sequen-
tially ligate into the vector, thereby creating sequences that encode amongst others
5%, S?¢ and S?4. Finally, the ligation products were transformed into EB5Alpha
E. coli chemically competent cells and the cells were plated on TBdry-Agar plates
supplemented with 45 pug/mL kanamycin. Colony PCR was performed to select for
those colonies that contained plasmids with one or more copies of the sequence
encoding the silk-like repeat S?, and identity of the plasmids was confirmed by
DNA sequencing.
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Gene construction by PRe-RDL

To construct genes encoding for a set of ES,-S?, diblock proteins with various
lengths of the ELP and silk-like blocks, we used the PRe-RDL approach previously
developed?!. The pET24a(+) PRe-RDL cloning vectors containing genes for var-
ious numbers of the ELP repeat (ES,,, where m is 40, 60 or 80) were previously
developed??. They were digested for 3 hours at 37°C using Bgll and Acul enzymes.
Bgll x Acul fragments containing the ES,, genes, the so-called A-fragments, were
purified using gel electrophoresis by separating the digestion products on a 1%
agarose gel. To obtain the B-fragments, vectors containing the genes for a number
of repeats of the silk-like sequence (S, , where n is 6, 10 or 14) were digested for
3 hours at 37°C using Bgll and BseRI enzymes and the fragments containing the
genes for the S, sequences were purified by gel purification. Genes for ES,,-S,
diblocks were then constructed by ligation of the A- and B-fragments using Quick
ligase for 5 min at room temperature in a 1x Quick ligase buffer. The ligation prod-
ucts were transformed into E. coli EB5Alpha chemically competent cells and the
cells were plated on TBdry-Agar plates supplemented with 45 ug/mL kanamycin.
All sequences were confirmed by DNA sequencing.

Protein expression

Between 100 and 150 ng of the plasmids encoding the E5,,-S?, diblocks were
transformed into BL21(DE3) E. coli chemically competent cells. These cells
were used to inoculate starter cultures of 10 mL TB medium supplemented with
45 pug/mL kanamycin. Starter cultures were incubated at 37°C overnight on a
shaker at 200 rpm and used to inoculate cultures of 2 L. TB medium with 45 pg/mL
kanamycin. Cells were grown at 37°C on a shaker at 200 rpm for a total of 24 hours.
Protein expression was induced in these cells 8 hours after inoculation by supplying
isopropyl 3-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM to
the medium.

Protein purification

After 24 hours, cells were centrifuged at 3000 x g for 10 min at 10°C and the pellet
was resuspended in 25 mL of cold PBS. The cells were lysed on ice by 18 sonication
cycles of 10 seconds with 40 seconds intervals (Sonicator 3000, Misonix). Inclu-
sion bodies were pelleted by centrifugation at 29000 x g for 12 min at 4°C and the
supernatant (soluble lysate), containing the protein, was collected. Next, nucleic
acids were removed by mixing the soluble lysate with 4 mL of 10% polyethylen-
imine and centrifugation at 29000 x g for 12 min at 4°C. Proteins in the remaining
supernatant (cleared lysate) were further purified using inverse transition cycling
(ITC)2324, During each round of ITC, proteins are subjected to the following four
steps: (1) addition of 1.0 to 2.5 M of ammonium sulphate or sodium chloride to
lower the transition temperature of the ELP-containing proteins. (2) Incubation at
37°C for 15 min to induce phase separation of the ELP-containing proteins, and
precipitation of the ELP-containing proteins by centrifugation at 40°C for 12 min at
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29000 x g. (3) Resuspension in cold PBS to solubilise the ELP-containing proteins.
(4) Removal of any remaining insoluble matter by centrifugation at 4°C for 12 min
at 29000 x g. E5,,-SQ, proteins were purified by multiple rounds of ITC, but it was
found that this did not lead to the desired level of purity of the proteins. To further
increase purity, we also used a “bake-out” procedure: samples were incubated at
95°C for 15 min to induce denaturation of any remaining cellular proteins. Next,
the samples were cooled down on ice for 30 min to ensure that the ELP-containing
proteins dissolved, and finally the remaining denatured cellular proteins were re-
moved by centrifugation at 4°C for 12 min at 29000 x g. A bake-out only was found
to be insufficient for protein purification (as determined spectroscopically and with
SDS-PAGE), so that this procedure was always combined with several rounds or
ITC. For the ES,-S?;, proteins, three rounds of ITC were used, followed by a
bake-out. For the E5,,-S% proteins, three rounds of ITC were used with a bake-out
after the 1% and 2™ rounds of ITC. Finally, for the ES,,-S2,, proteins, bake-out was
integrated in the ITC: after centrifugation of aggregated ELP-containing proteins
(ITC step 2), the pellet was resuspended and solubilised in PBS by incubation for
15 min at 95°C (step 3). To remove denatured proteins and other insoluble matter,
the sample was cooled down on ice for 30 min and centrifuged at 4°C for 12 min
at 29000 x g (step 4). Two rounds of ITC including bake-out were performed to
purify the ES,-S?, proteins. Finally, all proteins were dialysed against Milli-Q
water, lyophilised and stored at room temperature.

Protein characterisation

Protein purity was assessed with SDS-PAGE and matrix-assisted laser desorption
ionisation time-of-flight mass spectrometry (MALDI-TOF MS). SDS-PAGE was
carried out using 4-20% Ready gel Tris-HCI precast gels, 1x Laemmli running buffer
and Precision Plus Protein Kaleidoscope Prestained Protein Standard. Gels were
stained with PageBlue. MALDI-TOF MS was carried out on an UltrafleXtreme mass
spectrometer (Bruker). Weighed portions of freeze-dried proteins were mixed with
the matrix to a final concentration of 0.3 mg/mL and dried on the 800 pum spots
of an MTP AnchorChip 384 target (Bruker). After mixing, final concentrations of
the matrix components were 5 mg/mL 2.5-dihydroxyacetophenone, 1.5 mg/mL
di-ammonium hydrogen citrate, 25% (v/v) ethanol and 1% (v/v) trifluoroacetic
acid.

Protein self-assembly

For Atomic Force Microscopy experiments, protein stock solutions of 100 M were
prepared by vortexing weighed portions of freeze-dried proteins in 10 mM phos-
phate buffer (pH 7.4) at 95°C for 10 min. Solutions at lower concentrations were
prepared by immediately diluting the 100 M protein solutions in 10 mM phos-
phate buffer (pH 7.4). Next, samples were incubated at room temperature for
24 hours to allow self-assembly of the silk-elastin fibrils. For cryo-TEM, weighed
portions of freeze-dried ES4-S?;¢ and ESgy-S?o proteins were solubilised in PBS
to a concentration of 100 uM by a combination of vortexing and heating to 65°C
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for 15 min. Solubilised proteins were incubated for 16 hours at room temperature
to allow for the assembly of the silk-elastin fibrils.

Atomic Force Microscopy (AFM)

Samples for AFM imaging were prepared by depositing 5 uL of 24 hours incubated
protein solutions onto clean silicon surfaces. Salts and non-absorbed particles
were removed after 2 min by rinsing the surfaces with 1 mL of Milli-Q water.
Surfaces were slowly dried under a N, stream. Samples were analysed in air in
the ScanAsyst (PeakForce Tapping) imaging mode on a NanoScope MultiMode
8 system (Bruker) and using ScanAsyst-Air cantilevers (Bruker). The scan area
was set to 5 x 5 ym and images were recorded at 512 x 512 pixels and a line
rate of 0.977 Hz. A second-order flattening was performed on all images using
NanoScope Analysis 1.40 software. Lengths of the self-assembled silk-elastin fibrils
were measured using FiberApp software?® with settings: alpha = 0, beta = 500,
gamma = 20, kappal = 20, kappa2 = 10, step = 1 pixel, iterations = 100, “Use
A* pathfinding algorithm”. Lengths obtained with FiberApp software were binned
to obtain length distributions, and to calculate the number and weight averages of
lengths of the self-assembled silk-elastin fibrils (assuming fibril mass is proportional
to fibril length). Standard error of the mean for the weight averages were estimated
using the method of block averages: fibril length observations were split into 5
blocks, and the standard error of the mean was taken to be the standard deviation
of the weight averaged fibril lengths for the 5 blocks.

Cryogenic Transmission Electron Microscopy (cryo-TEM)

Solutions containing 100 uM of ES4,-S? o or ESg-S?;g, that were incubated for
16 hours at room temperature, were prepared for cryo-TEM using a FEI Vitrobot
Mark III and imaged on a FEI Tecnai G2 Twin.

Results

Protein production

To study the effect of block lengths on the self-assembly behaviour of silk-elastin
diblocks, genes for a set of diblock proteins (GSGVP),,,-(GAGAGAGQ),, were pre-
pared using the PRe-RDL strategy as described previously?!. Herein, we use the
nomenclature E5 = GSGVP for the elastin pentamer motif, and S¢ = GAGAGAGQ
for the silk motif; diblock sequences are abbreviated as ES,-S?,,. Genes were pre-
pared for diblocks with m = 40, 60 or 80 ES,, pentamer repeats and n = 6, 10
or 14 S, silk repeats. The final PRe-RDL step of combining genes for silk and
elastin blocks to form genes for diblocks is illustrated in Figure 2.1, together with
a depiction of the protein architecture. We depict the silk block in Figure 2.1b as a
(3-solenoid configuration: this is the configuration that the silk blocks adopt in fib-
rils according to recent computer simulations?®. Fibrils are formed by /3-solenoids
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stacking on top of each other. Stacking is thought to be driven by the formation of
multiple hydrogen bonds?®.

pET24a(+) \
PRe-RDL vector

Bgl PET24a(+)

PRe-RDL vector
BseRI Acul

I pET24a(+) Byl

\ PRe-RDL vector

Figure 2.1 — PRe-RDL cloning of silk-elastin diblock proteins. a) PRe-RDL plasmids
harbouring the genes for ELP (ES,,; green) or silk (S%,; purple) are digested using Bgll
x Acul or Bgll x BseRI respectively. Fragments containing the desired genes are ligated
to recover the PRe-RDL plasmid containing the E°,-S?, genes. b) Full amino-acid
sequence and depiction of the protein architecture of the ES,,-S?, diblock with m = 80
and n = 10.
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Representative SDS-PAGE for the ES,,-S?,, diblocks after purification is shown in Fig-
ure 2.2a. Note that silk-elastin diblocks stain rather poorly by the coomassie-based
PageBlue staining. Also, as observed for many non-globular protein-based polymers
with poor SDS binding!®2%-27-29  the diblocks have anomalous electrophoretic mo-
bility as compared with the typically used molecular weight markers, such that we
cannot directly estimate molar masses on the basis of the SDS-PAGE by comparing
with molecular weight markers. Precise molar masses were obtained from MALDI-
TOF MS. An example spectrum for the selected diblocks is shown in Figure 2.2b,
and experimental molar masses for all diblocks are given in Table 2.1. Assuming
full removal of N-terminal methionines®°, experimentally determined masses agree
with the expected ones to within the experimental error.

b
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Figure 2.2 — Representative results for purification and characterisation of ES,-
$?, diblocks. a) PageBlue-stained SDS-PAGE gel of the supernatant after three rounds
of ITC and a bake-out containing pure E’g-S%o protein. Arrowhead indicates the
protein and lane M shows the molecular weight marker. b) MALDI-TOF spectrum of
purified ESgo-S% 0, which is representative for the spectra of the other E5,,-S%, proteins.

Table 2.1 — Expected and experimentally determined molar masses (MALDI-TOF)
of E5,,-S2, diblocks.

Expected MW (Da) Experimental MW(Da)

ES4-S%%  19389.77 19386.4
FS¢0-SQ%  27338.39 27335.8
FSg-S%  35287.02 35290.9
FS40-S%o  21668.07 21660.4
ES60-S%0  29616.69 29620.0
FS¢-SQ  37565.32 37567.9
FS4-S%4  23946.36 23944.6
FS¢-S%4  31894.99 31900.7
FSg0-SUs  39843.62 39850.3
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Dependence of self-assembly of silk-elastin diblocks on block
lengths

We used atomic force microscopy (AFM) and cryo-TEM imaging to explore the
dependence of the self-assembly of silk-elastin diblocks on block length. Solutions
of E5,,-S?, diblocks with m = 40 or 80 and n = 6, 10 or 14 were prepared from
purified protein powders and incubated at room temperature for 24 h (for AFM) or
for 16 h (for cryo-TEM) to allow for their self-assembly into fibrils. In our previous
studies on silk fibril templating on DNA by the (GXaaYaa)i32-(GAGAGAGQ)19-K12
triblock copolymer we found that templated fibril assembly already occurred at a
low concentration of 1.8 uM, but in the absence of a template, fibrils were only
found at concentrations above 80 uM?°. Here we study the assembly of the silk-
elastin diblocks at the same two concentrations. Results for AFM and cryo-TEM
imaging are shown in Figure 2.3.

We first examined the dependence of self-assembly on the length of the silk
block with the elastin block fixed at m = 80. We find that a silk block length of n = 6
is not enough to allow for fibril formation at either the low or high concentration
that we have used in our experiments (see Figure 2.3a,e). For silk block lengths
of n = 10 and 14, we find concentration dependent fibril formation: at a protein
concentration of 1.8 M both diblocks self-assemble into relatively short fibrils
(Figure 2.3b,c), whereas at a high concentration of 100 M they self-assemble into
very long fibrils (Figure 2.3f,g).

Next, we examine the influence of the length m of the amorphous elastin blocks
on the self-assembly of the E,-S<, silk-elastin diblocks. At high concentrations, all
fibrils for the diblocks with n = 10 or 14 are very long irrespective of the length m
of the amorphous block (Figure 2.3f,g,h), therefore we focus on the case of low
concentrations, comparing the n = 10 diblocks for lengths m of the amorphous
blocks of m = 40 (Figure 2.3b) and m = 80 (Figure 2.3d). From the images, it ap-
pears that the fibrils become shorter as the length of the amorphous block increases
from m = 40 to m = 80, ascertaining this requires a more quantitative analysis
that we perform below. To exclude the possibility that the AFM sample prepara-
tion somehow affects our observations on fibril growth, we also used cryo-TEM to
visualise fibrils in solution, at a protein concentration of 100 yM. Representative
micrographs for a silk block length of n = 10, and amorphous block lengths of
m = 40 or 80 are shown in Figure 2.3i,j. As observed using AFM for the same
conditions, long fibrils are formed in both cases (indicated by white arrowheads).

Quantitative Analysis of fibril lengths

To quantitatively characterise the subtle differences in the assembly of the diblocks
into fibrils at the low concentrations of 1.8 uM, for the diblocks with n = 10 or
14 and m = 40, 60 or 80, lengths of fibrils were determined from AFM images.
Histograms of the fibril lengths for ESgy-S?1¢, ESgo-S?4 and ES 49-S% o are shown in
Figure 2.4. The distributions are very broad, with many short fibrils and a smaller
number of longer fibrils. Despite their lower number, the longer fibrils represent
a significant fraction of the total protein mass. Therefore the length distributions
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1.8 M 100 pM 100 pM

3.0 nm

Lacey carbon grid

Figure 2.3 — Dependence of the self-assembly of E5,-S%, diblocks on silk and
elastin block lengths. For AFM, silk-elastin diblocks were incubated for 24h, sub-
sequently adsorbed on silicon substrates and imaged under dry conditions. Protein
solutions were prepared at a low concentration of 1.8 uM: a) ESg-S%, b) ESg-S%o,
) ESg-S%y4, and d) ES40-S%o; or at a high concentration of 100 xM: e) ESg-S%, f)
Esgo—SQlo, g) Esgo—SQ14, and h) ES40—SQ10. For cryo-TEM, diblocks were prepared at
100 M and incubated for 16h: i) ESg0-S%y, j) ES40-S%0. Black arrows indicate the
lacey carbon grid, silk-based block copolymer fibrils are indicated by white arrowheads.
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are given as the fraction of total protein mass (weight fraction) versus fibril length.
Again, in view of the broad distributions, we give both the number averaged fibril
lengths <L>, and the weight averaged fibril lengths <L>,, for the diblocks with
n = 10 or 14 and m = 40, 60 or 80, in Table 2.2. Finally, Figure 2.5 shows the
number averaged fibril lengths <L>, for all diblocks with silk block lengths n = 10
and n = 14.

First, we examined the effect of the silk block length n on fibril lengths by com-
paring the fibril length distributions for diblocks with a fixed length of the amor-
phous block (m = 80), for silk block lengths of n = 10 and n = 14 (Figure 2.4a,b).
For n = 14, the weight fraction of protein in short fibrils (1-50 nm) is much lower
than for n = 10, and the shape of the distribution is relatively flat, leading to
weight averaged fibril lengths that are more than twice as large for n = 14 than for
n =10 (<L>, = 185+44.8 nm for n = 14, as opposed to <L>, = 67+9.0 nm for
n = 10, see Table 2.2 and Figure 2.4). This shows that at the low concentration of
1.8 uM, when the diblocks form only short fibrils, the self-assembly is very sensitive
to the precise length of the silk block.

Next, we examined the effect of the length m of the amorphous elastin block by
comparing the fibril length distributions for diblocks with n = 10 silk blocks and
respectively, m = 40 or m = 80 elastin-like blocks. The histograms of Figure 2.4
corroborate the qualitative observation that fibrils become shorter as the length of
the amorphous block increases from m = 40 to m = 80: fibrils formed by m = 80
diblocks are significantly smaller than fibrils formed by the m = 40 diblocks at
the same concentration. While for m = 80 the distribution peaks at fibril sizes of
1-50 nm, for m = 40 the distribution peaks at fibril sizes of 50-100 nm, and addi-
tionally the fraction of protein mass in long fibrils is also much larger for m = 40.
By increasing the length of the elastin-like block from m = 40 to m = 80, the weight
averaged length of the fibrils at 1.8 ;M decreases from <L>,, = 129+16.0 nm to
<L>, = 67+9.0 nm (Table 2.2 and Figure 2.4). This shows that for n = 10, the
elastin blocks are able to modulate assembly of the silk blocks in such a way that
longer elastin blocks lead to shorter fibrils at low protein concentrations.

The influence of the length m of the amorphous block for a silk block length
of n = 10 on the fibril lengths at low concentrations is even more evident from
Figure 2.5, which show plots of the number averaged fibril lengths <L>, forn = 10
and 14 as a function of m (Figure 2.5). For the n = 10 diblocks, fibril lengths clearly
decrease when the length m of the amorphous block increases, whereas for n = 14,
there is no clear trend.

These data collectively indicate that a minimum length of the silk block is
required for fibril formation which is betweenn = 6 and n = 10. Second, the ability
of the amorphous elastin block to influence the fibril length, rapidly diminishes as
the silk block length becomes larger, with a strong influence on fibril length for
diblocks with a silk block length of n = 10, and with no clear influence on fibril
length for n = 14.



Chapter 2

a FEs5,-5°,(1.8 uM) b Es,-s°,(1.8uM)

0.6 0.6
<L> =43 nm (£ 1.3) <L> =91nm (+6.8)
<L> =67 nm ( 9.0) <L>_ =185nm (+ 44.8)

o
3
o
3

S04 So4
:
£03 =03
=) =)
(] (]
202 202

O O N P O PP OO
RIS G- S N
R S S

Fibril length (nm)

C E5,-59,(1.8 uM)

0.6
<L> =70nm (+2.7)
0.5 <L>,=129 nm (£ 16.0)
S04
&
<03
=
202

Figure 2.4 — Fibril length distributions of E5,-S?, diblocks. Fibril lengths were
determined from AFM images of diblocks incubated at 1.8 uM for 24h. Weight fractions
of each binned length category were calculated with the assumption that the protein
mass of a given fibril is proportional to the fibril length. a) ES30-8%0, b) E5g0-S%4,
and c) E%4-S% 0. For each protein sample, the number (<L>,) and weight (<L>)
averaged fibril lengths (& s.e.m.) are also shown in the plots.

Table 2.2 — Number and weight averaged fibril lengths for the E*,,-S, diblocks.

N <L>, (am)* <L>, (nm)*

ES4-S% 567 70 (& 2.7) 129 (+ 16.0)
E%60-S%0 85 54 (+3.7) 75 (+ 13.8)
ES3-S%o 636 43 (+1.3) 67 (+ 9.0)

FS4-S%4 222 81 (£5.6) 168 (+ 41.6)
FS¢-S%4 159 57 (£3.9) 100 (& 30.2)
FS¢-S%4 185 91 (£ 6.8) 185 (& 44.8)

N is the number of fibrils analysed for each diblock. * Number and weight averaged
fibril lengths (+ s.e.m.) were calculated using the data obtained from AFM images
(such as in Figure 2.3).



Inducible fibril formation of silk-elastin diblocks

<L> (nm)

40 60 80 60 80

L m ] L m ]
ES _S2 (1.8 uM) ES S (1.8 uM)

Figure 2.5 — Influence of the elastin block length m on fibril lengths of the E5 -
$2, diblocks. Number averaged fibril lengths at low protein concentration (1.8 M)
versus the block length m of the amorphous elastin block are plotted for a) E%,-S%0
and b) E°,-S%4. The error bars represent the standard error of the mean (s.e.m.).
* p < 0.01 as determined by a Welch’s t-test for two independent samples with unequal
variances.

Discussion

Block lengths and block length ratios are one of the key parameters of protein-
based block copolymers governing their self-assembly, co-assembly with a template
and other functionalities'!>2%31-33 The synergy between ordered and amorphous
protein domains has similarly been shown to heavily influence the resulting mate-
rial properties of protein-based materials®*. In the case of silk-like protein-based
polymers, this means that the amorphous blocks influence the molecular inter-
actions of the crystallisable blocks and vice-versa. The diblocks explored here
are an excellent model system to study this mutual influence of amorphous and
crystallisable blocks in these polymers.

For E%,,-SQ,, silk-elastin diblock polypeptides we have shown herein that a mini-
mal length of the crystallisable silk block is required to drive fibril formation. We
established that for amorphous block lengths m > 40, n = 6 is insufficient whereas
n = 10 is sufficient for fibril formation. Next, we have shown that for ES,,-S<,, silk-
elastin diblock proteins the fibril length in some cases responds to the length m of
the amorphous blocks, while in other cases it does not. More specifically, it appears
that the diblocks with block lengths n that are closest to the boundary for fibril
formation (n = 10) respond strongly to the length of the amorphous block, with
longer amorphous blocks leading to shorter fibrils at low concentrations, suggest-
ing that the amorphous blocks in that case oppose fibril growth. For longer silk
blocks (n = 14), the driving force for fibril growth is apparently already too large to
be opposed by the amorphous blocks, since in that case we do not find a significant
dependence of fibril growth on the length of the amorphous blocks. Our report
of continuous tuning of fibril growth by adjusting the length of the amorphous
blocks is new, but also consistent with our previous report on “on/off” switching
of fibril formation via amorphous blocks: triblocks (GXaaYaa)gs;-(GAGAGAGH),-
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(GXaaYaa)g; with n = 16 do not form fibrils in the presence of the amorphous
blocks, but when the latter are proteolytically shortened, fibrils are formed?’.

In summary, we examined the interplay between crystallisable and amorphous
blocks in ES,-S, silk-elastin diblock polypeptides. We find that for diblocks with
lengths of crystallisable blocks just over the threshold for fibril formation, the
amorphous blocks act as a break on fibril growth at low concentrations, with
longer amorphous blocks leading to shorter fibrils. Since template-inducible silk
fibril formation requires that fibril formation only occurs at high concentrations,
we conclude that for engineering (template) inducible silk fibril formation of ES -
S, silk-elastin diblock polypeptides, suitable block lengths are most likely those
with crystallisable block lengths n as close to the threshold for fibril formation as
possible. At such critical silk block lengths n, the amorphous block length m can
be used for fine tuning assembly behaviour. In combination with suitable template
binding blocks, such diblocks allow for nucleic acid encapsulation in silk fibrils2°,
and, for example, may also allow for engineering induced silk fibril formation on
the surfaces of biomaterials, which has also been explored for other silks3>=7,
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The nature of the amorphous
hydrophilic block affects
self-assembly of an artificial viral
capsid polypeptide

Consensus motifs for sequences of both crystallisable and amorphous blocks in
(structural analogues of) silks vary widely. For designing novel silk-like polypeptide
materials, an important question is therefore how the nature of these two blocks
impacts the self-assembly and the resulting physical properties of the polypeptides. We
here address the influence of the amorphous block on the self-assembly of a silk-like
polypeptide that was previously designed to encapsulate single DNA molecules into
rod-shaped virus-like particles (VLPs). The polypeptide has a triblock architecture,
with a long N-terminal amorphous block, a crystallisable midblock, and a C-terminal
DNA binding block. We compare a triblock with a very hydrophilic collagen-like
amorphous block (GXaaYaa);sz to that of a triblock with a slightly less hydrophilic
elastin-like amorphous block (GSGVP)gy. The amorphous blocks have similar lengths
and both adopt a random coil structure in solution, but atomic force microscopy
revealed significant differences in their self-assembly behaviour, with polypeptides with
elastin-like blocks forming much longer polypeptide-only fibrils than polypeptides
with collagen-like blocks. We attribute the difference to the more hydrophilic nature
of the collagen-like block, which more strongly opposes the growth of polypeptide-only
fibrils than the elastin-like blocks. Our work illustrates that rather subtle differences
in the chemical nature of amorphous blocks can strongly influence the self-assembly
and hence the functionality of engineered silk-like polypeptides.

A modified version of this chapter is submitted as:
L. Willems, L. van Westerveld, S. Roberts, I. Weitzhandler, C. Calcines Cruz, A. Hernandez-Garcia, A.
Chilkoti, E. Mastrobattista, J. van der Oost and R.J. de Vries, The nature of the amorphous hydrophilic
block affects self-assembly of an artificial viral coat polypeptide.
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Introduction

Self-assembly of proteins underlies much of the structural integrity of biological
systems and it is increasingly exploited for creating, among others, scaffolds for
cell growth, nanoparticles for drug delivery, biosensors and nanoreactors®2. A rel-
atively straightforward approach to de novo design novel types of self-assembling
structural proteins is the use of consensus motifs found in natural structural pro-
teins such as elastin, silk and collagen. These motifs can be repeated and combined
in many ways to design sequences for novel self-assembling polypeptides for a wide
range of applications’3.

An important class of self-assembling polypeptides are silk-like polypeptides,
which typically consist of both crystallisable and amorphous blocks. Consensus
motifs for sequences of both crystallisable and amorphous blocks in natural silks
and structural silk analogues, such as spider silks?, silkworm silks®> and squid sucker
ring teeth®, vary widely. An obvious question is therefore how the nature of the
crystallisable and amorphous blocks affects the self-assembly and resulting physical
properties of these materials. The same question also arises for de novo design
of silk-like polypeptides, but so far this issue has not yet been addressed in the
literature.

We here consider the influence of the nature of the amorphous block on self-
assembly for a triblock polypeptide designed previously to encapsulate single DNA
molecules into rod-shaped virus like particles (VLPs)”. The triblock polypeptide
C-520-K; features a dodeca-lysine block (K1) for binding to the nucleic acid
template, a silk-like midblock S?;y = (GAGAGAGQ), that self-assembles into
the rod-shaped core of the VLP via stacking of 3-rolls®!!, and a collagen-like
amorphous block C = (GXaaYaa)3, for colloidal stabilisation of the VLP particles.
Note that the Xaa and Yaa residues in the collagen-like C block are chosen to
be highly hydrophilic and mostly uncharged such that the resulting polypeptide
adopts a random coil conformation rather than a triple helix'2.

Apart from a general understanding of the influence of the nature of amorphous
blocks on the properties of silk polymers, we also have more specific reasons for
exploring other kinds of amorphous blocks for the C-S?;y-K1, triblock copolymer.
First of all, the nature of the amorphous block strongly impacts on the production
of the polymer in host organisms: while the C-S?4-K1, polymer can be obtained
at high yield by secreted expression in the yeast Pichia pastoris’, expression in Es-
cherichia coli is problematic (personal communication with A. Hernandez-Garcia).
Next, with respect to applications, since the amorphous blocks are on the outside
of the VLPs, it is the amorphous block that will, to a large extent, determine the
biological response of cells and tissues to the VLPs. Therefore, it is of interest to
explore amorphous blocks that have been very well characterised with respect to
their biological response, such as elastin-like polymers. Elastin-like polypeptides
(ELPs), with the general sequence EX, = (GXGVP), are known to be expressed at
high yield in E. coli'3, but for P. pastoris expression levels are much lower than for
the collagen-like C blocks!?, especially for ELPs harbouring a hydrophobic guest
residue X'4.
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With this in mind, we produced a triblock polypeptide ESgy-S?9-K15 in E. coli,
and compared its co-assembly with DNA with that of the C-S2;y-K;, polypeptide,
produced in P. pastoris. To compare with the collagen-like C block, we used an
elastin-like polypeptide with a length of 80 pentamers to match the length of the
approximately 400 amino acid-long C block. As a guest residue in the elastin-like
polypeptide we used serine (X = S) as this residue is uncharged and hydrophilic.

Materials & Methods

Materials

The C-S?y-K12 polypeptide was produced and purified as described previously’. A
pET24a(+) PRe-RDL cloning vector and a cloning vector encoding the ESgy-S?
gene were constructed as previously described in ref !> and Chapter 2. Custom
oligonucleotides were synthesised by Integrated DNA Technologies Inc. All re-
striction enzymes, the calf-intestinal phosphatase (CIP) and the Quick Ligation kit
were purchased from New England Biolabs, and the T4 DNA ligase buffer from
Invitrogen. DNA miniprep, gel purification and PCR purification kits were from
Qiagen Inc. EB5AIpha and BL21 (DE3) chemically competent E. coli cells were
ordered from EdgeBioSystems. The NoLimits 2000 bp linear dsDNA, PageBlue pro-
tein staining solution, SYBR Safe DNA stain, 6x DNA loading dye, GeneRuler 1kb
DNA ladder and 50x TAE buffer were all purchased from Thermo Fisher Scientific.
The 10% mini-protean TGX precast protein gels and Precision Plus Protein All Blue
Prestained Protein Standard were ordered from BioRad, and agarose was bought
from Brunschwig Chemie.

Preparation of oligolysine-encoding cloning vector

Two complementary custom oligonucleotides encoding the oligolysine K1, were
designed: 5-cAAGAAAAAGAAGAAAAAGAAGAAGAAGAAAAAGAAGgg-3’ and
5-CTTCTTTTTCTTCTTCTTCTTTTTCTTCTTTTTCT Tgce-3’. To anneal the two
oligonucleotides, they were diluted in T4 DNA ligase buffer to a concentration of
2 uM, heated to 95°C for 2 min and then slowly cooled to room temperature over
3 hours. Linear pET24a(+) PRe-RDL cloning vector was prepared by the digestion
of approximately 2 ug vector for 2 hours at 37°C with 5 U of BseRI, the 5’ ends of
the linearised vector was dephosphorylated using 10 U of CIP for 30 min at 37°C.
Next, a PCR purification kit was used to remove the enzymes, and the annealed
oligonucleotides were ligated into the linearised vector by incubating a mixture
of both in 1x Quick ligase buffer for 5 min at room temperature in presence of
Quick ligase. The ligation product was then transformed into EB5Alpha chem-
ically competent cells and the cells were plated on TBdry plates supplemented
with 45 pg/mL kanamycin. Colonies containing the plasmid with a copy of the
oligolysine K1, were selected by colony PCR and confirmed by DNA sequencing.
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Gene construction by PRe-RDL

Recursive directional ligation by plasmid reconstruction (PRe-RDL)'® was used
to construct a plasmid encoding for the ESgy-S?¢-K12 polypeptide. To obtain the
so-called A-fragment the cloning vector coding for E%gy-S? was digested with Bgll
and Acul enzymes for 3 hours at 37°C and the BglI x Acul fragment containing the
ESg0-S?y gene was purified by gel purification. The B-fragment was obtained by
digesting the cloning vector coding for K15 with Bgll and BseRI for 3 hours at 37°C,
followed by gel purification of the Bgll x BseRI fragment containing the K;, gene.
Ligation of the A- and B-fragments using Quick ligase in a 1x Quick ligase buffer for
5 min at room temperature resulted in the construction of the ESg5-S?-K12 gene.
The ligation product was transformed into EB5Alpha chemically competent cells
and the cells were plated on TBdry plates supplemented with 45 ug/mL kanamycin.
The sequence was confirmed by DNA sequencing.

Expression and purification

To express the triblock polypeptide ESgy-S?10-K12, the plasmid as described above
was transformed into E. coli BL21(DE3) chemically competent cells which were
then used to inoculate a 10 mL starter culture of TB medium supplemented with
45 ug/mL kanamycin. After an overnight incubation at 37°C on a shaker at
200 rpm, the starter culture was used to inoculate a culture of 2 L. TB medium
supplemented with 45 ug/mL kanamycin. Cells were grown for a total time of
24 hours at 37°C on a shaker at 200 rpm. To induce protein expression, isopropyl
(3-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM was added
to the medium 8 hours after the inoculation. After protein expression, cells were
pelleted by centrifugation at 2000 x g for 10 min at 10°C and resuspended in
25 mL of PBS or HEPES (20 mM, pH 8.0). The cells were lysed by once pressing
through a cooled French press at 1.5 bar. The lysate was centrifuged at 29000 x g
for 12 min at 4°C to pellet insoluble cellular debris, and the supernatant (soluble
lysate) was collected for further purification. To remove nucleic acids, the soluble
lysate (~30 mL) was mixed with 4 mL of 10% polyethylenimine and centrifuged at
29000 x g for 12 min at 4°C. The polypeptide in the remaining supernatant (soluble
cleared lysate) was further purified exploiting either the thermal properties of the
elastin-like block (ESgy) by using inverse transition cycling (ITC)'3, or by exploit-
ing the strong positive charge of the oligolysine block (K;3) in cation-exchange
chromatography.

Initial purifications used ITC and a bake-out step. These were performed as
follows: (1) 1.5 to 2.0 M of ammonium sulphate or sodium chloride was added
to the soluble cleared lysate to induce the phase transition and aggregation of the
elastin-like block at room temperature. Maximum transition of the protein was
ensured by incubation at 37°C for 15 min. (2) Aggregated proteins were pelleted
by centrifugation at 40°C for 12 min at 29000 x g. (3) The supernatant was
discarded and the protein in the pellet was solubilised in PBS by heating to 95°C
for 15 min; this step is termed the bake-out. (4) The samples were cooled on ice
and centrifuged at 4°C for 12 min at 29000 x g to remove any remaining insoluble
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matter. Two rounds of ITC in combination with the bake-out were sufficient to
obtain pure ESgy-S?0-K12 polypeptide.

During later purifications, we used cation-exchange chromatography followed
by ITC. For the cation-exchange chromatography, the soluble cleared lysate was
loaded onto an UNO S6 column (BioRad) connected to a BioLogic DuoFlow chro-
matography system supplied with a QuadTec detector from BioRad. Unbound
molecules were removed from the column by washing with 4 column volumes
of 20 mM HEPES buffer (pH 8.0). Bound molecules were eluted by using a salt
gradient from 0.0 to 1.0 M of NaCl in a 20 mM HEPES buffer (pH 8.0) applied over
10 column volumes. During elution, 1 mL fractions of the samples were collected
from the column. Fractions containing the polypeptide were first dialysed against
Milli-Q water and then subjected to one round of ITC using the following protocol:
(1) aggregation of the ELP-containing protein was induced at room temperature
by the addition of 2.5 to 3.0 M of ammonium sulphate to the dialysed sample,
followed by incubation at 37°C for 15 min. (2) Sample was centrifuged at 40°C
for 12 min at 29000 x g to pellet the aggregated proteins. (3) Proteins in the
pellet were solubilised in 50 mM HEPES buffer (pH 8.0). To facilitate solubilisa-
tion, samples were vortexed at 1000 rpm for 90 min at room temperature. (4) To
remove any remaining insoluble matter, the samples were first cooled on ice and
then centrifuged at 4°C for 12 min at 29000 x g. Finally, all polypeptides were
dialysed against Milli-Q water, lyophilised and stored at room temperature.

Characterisation

Purity of the polypeptides was assessed using SDS-PAGE and matrix-assisted
laser desorption ionisation time-of-flight mass spectrometry (MALDI-TOF MS).
SDS-PAGE was carried out using 10% mini-protean TGX precast protein gels, 1x
Laemmli running buffer and Precision Plus Protein All Blue Prestained Protein Stan-
dard, and gels were stained with PageBlue protein staining solution. For MALDI-
TOF MS, a matrix solution was prepared of 15 mg/mL 2.5-dihydroxyacetophenone
and 4.5 mg/mL diammonium hydrogen citrate in 75% ethanol. Next, 1 volume of
this matrix solution was mixed with 1 volume of 1 mg/mL protein and 1 volume
of 3% (v/v) trifluoroacetic acid, and 1 uL of this mixture was dried on a 800 xm
spot of an MTP AnchorChip 384 target (Bruker). Analysis was then carried out on
an UltrafleXtreme mass spectrometer (Bruker).

Complex formation

Polypeptide stock solutions of 100 M were prepared in a 10 mM phosphate buffer
(pH 7.4). To promote solubilisation of the freeze-dried polypeptides, they were
incubated at 65°C for 1 hour or 95°C for 10 min, as indicated in the main text.
Next, polypeptides were further diluted in 10 mM phosphate buffer (pH 7.4) to
a concentration of 1.8 uM or 0.18 pM and, if so indicated, mixed with DNA at
a final DNA concentration of 1 ug/mL which corresponds to a protein-to-DNA
molar charge ratio N/P of 7. All samples were incubated for 24 hours at room
temperature to allow complexes to form.
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Atomic force microscopy

For atomic force microscopy (AFM), 5 uL of a sample that was prepared as de-
scribed in the previous section was deposited on a clean silicon surface and incu-
bated for 2 min. Next the surface was rinsed with 1 mL of Milli-Q water to remove
salts and non-absorbed particles and dried slowly under a gentle N, stream. Sam-
ples were analysed on a NanoScope MultiMode 8 system (Bruker) in the ScanAsyst
(PeakForce Tapping) imaging mode, using ScanAsyst-Air cantilevers (Bruker). Ar-
eas of 5 x 5 ym were scanned at 512 x 512 pixels and a line rate of 0.977 Hz.
All images were subjected to a second-order flattening using NanoScope Analysis
1.40 software. If so indicated, lengths of fibrils were measured using FiberApp
software!®. Settings used for FiberApp are: alpha = 0, beta = 500, gamma = 20,
kappal = 20, kappa2 = 10, step = 1 pixel, iterations = 100, “Use A* pathfinding
algorithm”. Weight averaged fibril lengths were calculated assuming the mass of
the fibrils was proportional to their length. The standard error of weighted means
(s.e.m.,,) was approximated using the method of block averages: data was subdi-
vided into 5 subsets, weight average lengths were calculated for the subsets and
the standard error of the weighted means was taken to be the standard deviation
of the weight average lengths for the subsets.

Gel shift assays

To quantify binding of the ESgy-S?¢-K12 triblock polypeptide to DNA, 52.5 ng of
linear dsDNA was incubated at room temperature for 2 h with increasing concen-
trations of the protein. The DNA concentration was always 15 ng/uL. The mixtures
were loaded onto 1% agarose gels that were supplemented with 1x SYBR Safe DNA
stain. After electrophoresis for 90 min at 60 V, gels were scanned using a Bio-Rad
Gel Doc EZ Imager.

Results & Discussion

Cloning, expression and purification

The plasmid encoding the triblock polypeptide ESgy-S?;o-K12 was constructed by
recursive directional ligation by plasmid reconstruction (PRe-RDL) as described
before!®, starting from a PRe-RDL plasmid previously prepared for the diblock Eg,-
5?0 (Chapter 2). Figure 3.1 shows a schematic picture of the final ESg-S?0-K12
plasmid and a schematic representation of the structure of a single polypeptide
when assembled onto DNA.

The ESgp-S?9-K12 polypeptide was expressed in E. coli and initially purified
according to a protocol developed previously for ES,,-S?,, diblocks (Chapter 2). This
protocol combines inverse transition cycling (ITC)'® with bake-out steps (15 min
at 95°C) as for the diblocks it was found that ITC alone does not lead to sufficient
purity of the polypeptides. Purity of the ESgy-S?¢-K15 triblocks was confirmed by
SDS-PAGE analysis (Figure 3.2a). MALDI-TOF MS (Figure 3.2b) was used to verify
the molar mass of the polypeptides. The experimentally determined (MALDI-TOF

48



The nature of the amorphous hydrophilic block affects self-assembly

MS) mass of 39166.2 Da corresponds well to the mass expected for this triblock of
39160.46 Da, assuming cleavage of the N-terminal methionine!”.

a b ESy - S% - Ki, = (GSGVP)y, - (GAGAGAGQ),, - K,

pET24a(+)

PRe-RDL vector

Figure 3.1 — Schematic of expression plasmid and cartoon of the structure of the
ES80-8%10-K 12 triblock polypeptide when assembled onto DNA. a) PRe-RDL plasmid
for the expression of the ESgy-S%0-K1» triblock copolymer. The elastin-like polypeptide
block ESg is shown in green, the silk-like $?;o midblock in purple and the oligolysine
K1, binding block in red. b) Cartoon of structure of the triblock polypeptide when
assembled onto DNA. Colours as in a). Silk-like midblock is shown in 3-solenoid
configuration which it supposedly adopts after fibrillar assembly onto DNA'®!. Also
shown is the full amino acid sequence of the triblock polypeptide.
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Figure 3.2 — Characterisation of the purified E5gy-S%;0-K 12 triblock polypeptide. a)
SDS-PAGE analysis of the purified Eg,-5%,0-K12 polypeptide. The arrowhead indicates
the protein and lane M shows the molecular weight marker. The gel was stained with
PageBlue. b) MALDI-TOF spectrum of purified Egp-S%10-K12.
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Heat-treatment precludes proper assembly of virus-like particles

Based on prior experience with the C-S2;y-K;, triblock polypeptide, the expected
assembly behaviour of the ESg,-S?;-K 12 polypeptide is that, by itself, it does not
assemble into rod-shaped structures except when incubated at high concentrations
(on the order of 100 zM). In contrast, in presence of a poly-anionic (DNA) tem-
plate, it co-assembles with the template already at low polypeptide concentrations
(on the order of a few yM)”-'8, This expected behaviour was first tested for the
ESgo-S?10-K 15 triblocks purified using a combination of ITC and a bake-out (15 min
at 95°C). Indeed, atomic force microscopy (AFM) images show that at low concen-
trations, the purified triblocks do not assemble into rods in the absence of a DNA
template (Figure 3.3a). In presence of DNA, however, the purified triblocks appear
to simply coat the DNA templates while only occasionally forming the expected
rod-shaped structures (Figure 3.3b). We reasoned that possibly the bake-out step
at 95°C during purification had interfered with proper co-assembly of the triblocks
with the DNA templates. For the previously developed triblock C-520-K12, tem-
peratures of max. 65°C had been used to aid dissolution and such a treatment
was shown not to interfere with proper assembly’. To test the hypothesis that the
95°C heat-treatment during purification precludes proper co-assembly of artificial
viral capsid polypeptides with DNA templates, we incubated purified C-S%0-K12
at either 65°C or 95°C for 10 min prior to incubation with DNA. Note that this
treatment does not lead to precipitation of the polypeptides. We find that for
C-52,0-K13 heated at 65°C, rod-shaped VLPs form as expected (Figure 3.3d). In
contrast, C-S?9-K1, heated at 95°C does seem to coat the DNA templates, but rod-
shaped VLPs are formed only occasionally (Figure 3.3e). These results strongly
suggest that the heat treatment during purification of the ESgy-S?;-K15 triblocks
has precluded proper assembly of the VLPs.

Influence of the nature of the amorphous block on DNA binding
properties

The next batch of the ESgy-S?;-K;5 triblocks was therefore purified using cation-
exchange chromatography followed by ITC without a high temperature bake-out
step. Purity and correct molar mass of the newly purified polypeptides was again
confirmed using SDS-PAGE and MALDI-TOF MS (Figure 3.4). For this round of
purification, the experimental mass is approximately 100 Da lower than expected,
which is larger than the experimental uncertainty of the MALDI-TOF MS, sug-
gesting that not only the N-terminal methionine, but also the subsequent glycine
(75 Da) has been cleaved off.

To assess the impact of the nature of the amorphous block on the DNA bind-
ing properties of the artificial viral capsid polypeptides, an electrophoretic mo-
bility gel shift assay (Figure 3.5) was performed, and compared with the ear-
lier results for the C-S?0-K1, triblocks’. The gel shift assay shown in Figure 3.5
clearly demonstrate that binding of ESgy-S?0-K12 is highly cooperative, with high-
mobility (naked DNA; linear dsDNA, 2000bp) complexes coexisting with low-
mobility (encapsulated DNA) complexes. The shift to low-mobility, encapsulated
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1.8 UM 1.8 M + DNA 1.8 UM + DNA

ESBO'SQm'Km

Figure 3.3 - Heat-treatment precludes proper assembly of virus-like particles.
AFM of ESgy-52,0-K12 triblocks (purified by a combination of ITC and bake-out at 95°C)
and C-§%0-K1, incubated at room temperature for 24 h in the absence or presence of
linear dsDNA (2000 bp, 1 xg/mL ). Polypeptide concentration is 1.8 pM, polypeptide-
to-DNA molar charge ratios N/P = 7. a) ESg-S%10-K12 without DNA. b) ESg0-S%10-K12
with DNA. ¢) C-5%-K;2 without DNA. d) C-S%,-K;2 with DNA. e) C-S%0-K;2 first
heated at 95°C for 15 min, and then incubated with DNA.
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Figure 3.4 — Characterisation of ESg-S%0-K12 purified using cation-exchange
chromatography followed by ITC. a) SDS-PAGE, arrowhead indicates the protein.
Lane M is a molecular weight marker. Gel was stained using PageBlue. b) MALDI-TOF
MS analysis.
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Protein concentration
N/P: 0 040608 1 1.5 2 7

Figure 3.5 — Gel shift assay of ES5-S?;0-K;2 (purified using cation-exchange chro-
matography followed by ITC). The DNA (linear dsDNA, 2000bp) concentration was
kept constant at 15 ng/uL and the DNA was incubated with increasing concentrations
of the ESgp-S%;0-K12 triblock. The polypeptide-to-DNA molar charge ratios (N/P) are
indicated above each lane. The total amount of DNA loaded into each well is 52.5 ng.

DNA was observed for polypeptide-to-DNA charge ratios (N/P) larger than ~0.6.
At high N/P ratio the complexes are observed to run slightly towards the anode,
indicating a small net positive zeta-potential for the complexes. While the obser-
vation of highly cooperative binding is similar to that for the C-S?;¢-K;, triblocks,
for the latter triblock polypeptide, encapsulated DNA was only observed for N/P
larger than ~3 7. Since the amorphous block itself is not directly involved in bind-
ing to the DNA, this hints at a significant indirect influence of the nature of the
amorphous block on complex formation.

Influence of the nature of the amorphous block on VLP size dis-
tributions

We hypothesise that the indirect influence of the nature of the amorphous block
on the DNA binding properties of the artificial viral capsid polypeptides, occurs
through influencing the assembly of the silk-like midblocks into fibrils: it is the fibril
formation of the silk-like midblock that mediates binding cooperativity’. Therefore,
we next investigated in detail the co-assembly of DNA and ESg-S?¢-K12 by AFM
in order to compare with the corresponding data for C-S%;-K1».

Assembly and AFM imaging were performed at the same conditions and using
the same procedures as previously used for the C-S?o-K15 polymer (Figure 3.3d):
a polypeptide concentration of 1.8 M, and an excess of protein over DNA
(charge ratio N/P = 7). AFM images of ESg)-S?;9-K;> in the absence and pres-
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ence of a 2000 bp linear dsDNA template are shown in Figure 3.6. In the
absence of a template, many short rods and an occasional longer rod are formed
(Figure 3.6a). In the presence of DNA, the number of longer rods significantly
increases (Figure 3.6b). We also performed assembly and AFM imaging for a
10-fold lower concentration of both polypeptide and DNA (protein concentration
0.18 uM). AFM images for assembled structures in the presence and absence
of the DNA template are shown in Figure 3.6c and d. Qualitatively, the 10-fold
dilution does not seem to lead to major changes in the assembly. We believe
that these observations point to complete encapsulation of the DNA templates,
since otherwise we should have seen many partially- or non-encapsulated DNA
molecules, that can easily be recognised by their smaller width and more flexible
appearance.

1.8 uM

0.18 uM

Figure 3.6 — Self-assembly and co-assembly of E’g-S?;0-K;2 triblocks at two
polypeptide concentrations with and without a DNA template. Triblocks were sol-
ubilised at 65°C, diluted to a concentration of 1.8 or 0.18 M and incubated at room
temperature for 24 h in the absence or presence of linear dsDNA of 2000 bp. a) 1.8 uM
polypeptide incubated in absence of DNA. b) 1.8 uM polypeptide incubated in presence
of DNA. ¢) 0.18 uM polypeptide incubated in absence of DNA. d) 0.18 M polypeptide
incubated in presence of DNA.

Next, we performed a quantitative analysis of the AFM images by measuring both
the lengths and heights of the fibrils from a number of AFM images and for a
large number of fibrils. Histograms of fibril lengths and heights are shown in
Figure 3.7, average values of fibril lengths and heights, and numbers of fibrils
analysed per condition are given in Table 3.1. As observed previously for fibrils self-
assembled from silk diblock polypeptides E°,-S?, (Chapter 2), length distributions

53



Chapter 3

are very broad, with a very large number of very short fibrils, but a significant
fraction of polypeptides being incorporated in the smaller number of much longer
fibrils. Therefore, histograms of fibril lengths are reported as the weight fraction
of total polypeptide incorporated in fibrils within a certain length range. In view
of the broad distribution of the fibril lengths, a single average length is not very
meaningful, and we report both the number average lengths <L>, and the weight
average lengths <L>,,.

As we used a large excess of polypeptide (N/P = 7) to ensure complete encap-
sulation of all DNA templates, even in the presence of DNA most of the polypeptide
does not co-assemble with this DNA. Hence, DNA encapsulation should show up in
the length distributions as an additional peak on top of a background distribution
for an excess of polypeptides that have not co-assembled with DNA, but only with
themselves. Both the length and the height distributions show clear evidence that
co-assembly with DNA occurs. First, in the length distributions for ESg5-S?9-K12
fibrils, a peak appears for 151-200 nm fibrils when DNA is added. For the C-5%¢-
K1, polymer it was established that when it encapsulates DNA, it also condenses
DNA. Lengths of the rod-shaped VLPs were found to be reduced with respect to
the contour length of the DNA template by a “packing factor” of 3 7. For a 2000
bp DNA template, this would imply a VLP length of around 230 nm. The some-
what smaller peak location of 151-200 nm could indicate that for the ESgy-S?0-K12
polymer, the packing factor is somewhat higher than for the C-S?;y-K1, polymer.
Further evidence for successful encapsulation of the DNA templates is provided by
the height distributions, which show a clear shift to thicker fibrils for the samples
with DNA.

More differences between the assembly and co-assembly behaviour of ESgy-S?¢-
K1, as compared to that of C-S?,-K1, became clear when comparing its distribu-
tions with the length and height distributions of C-S?y-K fibrils assembled in the
presence and absence of a 2000 bp DNA template at a polypeptide concentration
of 1.8 uM and a polypeptide-to-DNA ratio of N/P = 7. The length and height
distributions for C-S?;-K;, fibrils are shown in Figures 3.7c and f, and average
values are reported in Table 3.1. Very clearly, without a template the ESgy-S?19-K12
fibrils at 1.8 M have a length distribution that tails off at much larger lengths than
the C-S?p-K 1, fibrils. Indeed, at 1.8 M, weight average lengths in the absence of
a template are <L>, = 86 + 18.9 nm for ESg-S?;o-K12 whereas for C-5%-K12,
<L>, = 34 + 1.2 nm. As a consequence, when co-assembling C-S?y-K;5 with
DNA, the separation in terms of lengths between fibrils encapsulating DNA and
fibrils not encapsulating DNA is much more pronounced (compare Figures 3.7a
and c, bottom panels).

In summary, replacing the collagen-like hydrophilic block with the elastin-like
block preserves the fundamental features of VLP formation with DNA: DNA bind-
ing and self-assembly. However, as (at identical assembly concentrations) in the
absence of a DNA template the E%g)-S?0-K1, polypeptide forms much longer fibrils
than C-S?y-K12 , for the latter polypeptide the separation in length between fibrils
encapsulating DNA and fibrils not encapsulating DNA is much greater.
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Figure 3.7 — Length and height distributions of C-S%9-K12 and E5gy-S%0-K12 fib-
rils formed in presence and absence of DNA. Length distributions (weight fraction
of polypeptide incorporated into fibrils with length in a given interval) and height dis-
tributions (number fraction of fibrils with height in a given interval) of fibrils formed
by the C-5%0-K12 and E®go-S%0-K12 were derived from AFM images. Representative im-
ages for C-S%0-K 12 are shown in Figure 3.3c and d, and for ESgy-S%0-K 12 in Figure 3.6.
Length distributions for a) ESg-S%10-K12 at 1.8 uM, b) Eg-5%0-K12 at 0.18 M and
¢) C-5%0-K12 at 1.8 uM, and height distributions for d) ESg-S%10-K12 at 1.8 uM, e)
ESg0-S%0-K12 at 0.18 uM and f) C-5%0-K12 at 1.8 uM are all split in two graphs with
the top graphs showing the distribution in absence of DNA and the bottom graphs in
presence of DNA. Note that in ¢) the y-axis scale differs from that in a) and b).

Table 3.1 — Average fibril lengths and heights for ESg-S%10-K12 and C-S%;0-K12
polypeptides. Fibrils were assembled in presence or absence of 2000 bp dsDNA. Fibril
lengths and heights were obtained by analysing AFM images (such as in Figures 3.3
and 3.6) and used to calculate the averages (& s.e.m.).

N <L>, (nm) <L>, (nm) <H>, (nm)

ESg0-S%0-K12 1.8 uM 2551 48 (+0.8) 86 (+18.9) 1.7 (+0.01)
1.8 uM + DNA 2443 63 (+1.2) 123 (+9.4) 2.2 (+0.02)

0.18 uM 1533 51 (+1.0) 83(+7.1) 2.3 (+ 0.02)

0.18 uM + DNA 1233 66 (+1.9) 133 (+£17.6) 3.2 (£0.03)

C-S%0-K12 1.8 uM 1478 32 (+0.2) 34 (+1.2) 2.4 (+ 0.02)
1.8 uM + DNA 2708 49 (+1.0) 101 (+7.9) 2.5 (+0.01)
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Origin of differences in self-assembly is caused by differences in
amorphous blocks

As also observed in our previous work on ES,-S?,, diblock polypeptides (Chapter 2),
for co-assembly onto a (DNA) template, the ideal behaviour of the polypeptides is
that assembly into fibrils only occurs at a relatively high local protein concentration,
that can be induced by accumulating the polypeptides onto the template via a
template-binding block. Previously we established for ES,,-S, diblocks that this
behaviour occurs for silk block lengths n just above a critical length required for
fibril formation. At such critical silk block lengths, assembly into fibrils at lower
concentrations is significantly reduced for longer amorphous blocks (larger values
of m).

Here we observe that this “brake” on fibril formation at low concentrations
afforded by the long amorphous blocks critically depends on their chemical nature.
Both amorphous blocks adopt a random coil conformation and have a length of
about 400 amino acids, but the collagen-like block C much more strongly opposes
fibril formation at low concentrations than the elastin-like block ESgy. We speculate
that the key difference between the two blocks that gives rise to this different
behaviour is their relative hydrophilicity. Increased hydrophilicity translates into
larger coil sizes of the amorphous blocks and stronger repulsions between these
more hydrated coils that are densely packed along the assembled silk fibrils (also
see Figure 1.3b). Indeed, as shown in Table 3.2, the collagen-like and elastin-like
blocks have GRAVY (grand average of hydropathy) values!® that are significantly
different from each other, and so are the values for the two corresponding triblock
polypeptides.

In fact, the GRAVY value for ESg is 0.200, indicating that this amorphous block
has an intermediate hydrophilicity and is close to its theta-point, the transition
point between a polymer in good solvent and a polymer in a poor solvent. On the
other hand, the collagen-like C block is extremely hydrophilic, with a GRAVY value
of -1.717.

Can we change the nature of the guest residue X in the elastin-like block con-
sensus motif GXGVP to obtain a block equally hydrophilic as the collagen-like C
block? This is somewhat difficult, as the most hydrophilic amino acids are charged
residues. The amorphous block, however, needs to be net neutral, in order to not
interfere with binding to DNA or to compete with DNA for the binding block. There-
fore, one would need to use a zwitterionic elastin-like polypeptide, for example
with alternating arginine and glutamic acid X residues, which would give a GRAVY
value of -0.44. Although this value is not as low as for the collagen-like block, it
is already much lower than the value for the ESgq block and in combination with
increasing its length it may be possible to further reduce fibrillar self-assembly at
low concentrations.
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Table 3.2 - Grand average of hydropathy (GRAVY) values for the individual
blocks and triblocks.

GRAVY value
Individual blocks C -1.717
ESg 0.200
S, 0.037
Kis -3.900
Triblocks C-SQ10-K12 -1.471

ESg0-S%0-K;2  0.072

The GRAVY values were obtained by calculating the sum of the hydropathy values
of all amino acid residues and dividing this by the total number of residues in the

sequencelg.

Concluding remarks

We have shown that self-assembly and co-assembly with DNA of the C-S?y-K1
and E%g,-S?10-K 12 polypeptides is significantly different. We expect that differences
between the chemical nature of amorphous blocks may similarly influence the
assembly of a broad range of natural silk polypeptides and engineered silk-like
polypeptides.

Since the much more hydrophilic collagen-like polypeptide C is better able to
act as a “brake” on self-assembly into fibrils at low concentrations than the much
less hydrophilic elastin-like polypeptide ESg, we hypothesise that hydrophilicity
of the amorphous block is a key variable determining the assembly of natural
silk polypeptides and engineered silk-like polypeptides more generally. Indeed,
a critical role for hydrophilicity in controlling self-assembly is reported for many
other polypeptide block copolymers, with increased hydrophilicity invariably reduc-
ing self-assembly?°-22, Such a role for the hydrophilicity of amorphous blocks in
silk-like polypeptides is also consistent with the observation that long hydrophilic
blocks surrounding silk-like self-assembly blocks may completely prevent fibril
formation?3.

In the present case, a “brake” on self-assembly into fibrils at low concentrations
was desired in order to separate concentration ranges and fibril lengths for non-
templated and templated assembly of fibrils. An important conclusion is that the
chemical nature of the amorphous blocks, in particular their hydrophilicity, plays
an important role in determining the assembly of both natural silk-polypeptides
and engineered silk-like polypeptides. This also means that it would be very in-
teresting to more systematically study a broader range of amorphous structural
polypeptides such as resilin, abductin and ColP?42> as amorphous blocks in the
context of silk-like polypeptides, in order to better understand the mutual influ-
ence of crystallisable and amorphous blocks on the self-assembly of natural and
engineered silk polypeptides.
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Design of an artificial viral capsid
protein recognising DNA packaging
signals

In Chapter 3 we have developed an artificial viral capsid protein ESgy-S9;9-B, with an
oligolysine nucleic acid binding block, B = K;,. This protein encapsulates DNA and
MRNA irrespective of the sequence of its nucleic acid template. A mechanism natural
viruses use to favour encapsulation of their own genome over the encapsulation of
other nucleic acid sequences are so-called packing signals on their genomes, which
promote capsid nucleation. To better mimic natural viruses, we here describe our work
towards the development of a de novo designed non-viral capsid protein for which
capsid assembly and encapsulation of a specific dsDNA template is induced by the
recognition of a packaging signal on the DNA template. To that aim, we replaced the
binding block B of the ESgy-S®;0-B artificial viral capsid proteins by a zinc finger (ZnF)
binding motif found in the Drosophila melanogaster GAGA factor. The ESgy-S9j,-
ZnF protein was produced in E. coli, and we observed that bacterial DNA co-purified
with the protein in the form of rod-shaped pieces of encapsulated DNA. When using
an improved purification protocol it was established that the purified protein was
partially degraded at the C-terminus. We argue that the degradation most likely is
due to proteolysis, which can possibly be prevented by improving the production and
purification protocol such that eventually it can be established whether the ESgy-S9;o-
ZnF protein can indeed sequence-specifically encapsulate dsDNA templates.



Chapter 4

Introduction

Viruses are remarkable nanoparticles that evolved into particles that efficiently
encapsulate their genome and deliver it into host cells. Viral genome encapsulation
and assembly into viral particles, happens within the complex environment of a
host cell. Given this complexity, one may wonder how the viral capsid proteins are
able to specifically find and bind to their own genomic nucleic acids. It appears
that so-called packaging signals on the viral genomes play a role in the specific
recognition and encapsulation of their own genome®2. Such packaging signals are
short sequence elements that have been identified in the genome of many DNA and
RNA viruses, and which are thought to promote the nucleation of virus particles
with high efficiency®.

Recognition of the packaging signals may be direct, as for tobacco mosaic virus
(TMV) where (NNG)3; motifs are very strong promotors of capsid nucleation?, or
more indirect as for baculovirus® and simian virus 40 (SV40)%7 where packaging
signals are recognised by viral proteins that subsequently recruit the capsid pro-
teins. It may also be the case that packaging signals are recognised via a specific
secondary structure that they form in the genome, such as GC-rich packaging sig-
nals that form G-quadruplexes in the case of herpes viruses® and AT-rich sequences
that form local DNA bends in the case of adenoviruses'. Packaging signals in many
RNA viruses, form hairpin structures with at least part of the recognition sequence
in the single strand loop*?.

As an alternative to viral vectors, it is desired to design safe and efficient nano-
delivery devices for a wide range of therapeutic applications. Hence, a number
of research groups are developing virus-inspired artificial protein capsids that can
encapsulate and deliver DNA or RNA cargoes. If these artificial capsid proteins
could, in a host organism, co-assemble with the genome coding for themselves, this
would facilitate the development of such artificial capsids towards more efficient
delivery agents via directed evolution. In particular, directed evolution approaches
in which selection procedures occur outside the production host, such as when
selecting for efficient uptake by a target cell, will benefit from this as it provides
a way to easily identify the selected capsids on the basis of their encapsulated
genome.

The development of a de novo (computationally-)designed protein-based artifi-
cial capsid in Escherichia coli was recently demonstrated by Baker and colleagues'®.
However, encapsulation of RNA by these artificial capsid proteins was completely
sequence unspecific, such that the probability of encapsulation of its own capsid
RNA genome was low. Inspired by natural viruses, strong packaging signals could
potentially increase the probability for the specific encapsulation of the artificial
capsid RNA genome. This mechanism was recently demonstrated by Hilvert and
colleagues!!, who attached an RNA binding module to a natural, non-viral capsid-
forming protein and included the corresponding recognition sequence in the capsid
RNA genome. The presence of this packaging signal was shown to increase the en-
capsulation efficiency of the capsid genome as compared to the many other RNAs
present in the E. coli cells that were used for the production and assembly of these
capsids.

62



Design of an artificial viral capsid protein recognising DNA packaging signals

The generation of a de novo designed non-viral capsid protein that recognises
packaging signals has not been demonstrated yet. We have previously designed and
characterised artificial viral capsid proteins composed of simple sequence motifs'?
and here we aim to endow these de novo designed proteins with sequence-specific
binding modules, such that we can induce the sequence-specific encapsulation of
a dsDNA template.

The artificial viral capsid proteins are composed of repeats of simple amino
acid motifs found in natural structural proteins such as silk, collagen and elastin.
The triblock protein named C-S%0-B was the first version for which we showed
co-assembly of the proteins with DNA into rod-shaped virus-like particles (VLPs)!2.
The C-terminal binding block B is the oligolysine K1, and gives rise to non-specific
binding to nucleic acid templates. Upon template-binding, the local protein con-
centration increases which triggers the self-assembly of the silk-like midblocks
(8?9 = (GAGAGAGQ)() into the rod-shaped cores of the VLPs. Finally, an N-
terminal collagen-like block C = (GXaaYaa)is, is used to provide colloidal stabil-
isation of the particles by preventing their aggregation in solution. The Xaa and
Yaa residues in the C block are chosen to be mostly uncharged and hydrophilic
such that the collagen-like polypeptides adopt random coil configurations over a
wide range of solution conditions'®. In the present thesis, we have shown that for
the colloidal stability block, one can also use other hydrophilic polypeptides with
random coil configurations. In particular, we have shown in Chapter 3 that one
can replace the collagen-like polypeptide C = (GXaaYaa)q3, with the elastin-like
polypeptide ESgy = (GSGVP)g.

In this chapter we describe our work towards the development of an E%gy-S?0-B
triblock protein that can encapsulate a double-strand (ds)DNA template sequence-
specifically. In this design, B is a sequence-specific DNA binding domain so that
nucleation of VLPs could be induced by binding to a packaging signal (viz. the
recognition sequence of B) in the DNA.

Design considerations and candidate binding domains

Figure 4.1 illustrates the concept of an artificial packaging signal recognised by
the artificial viral capsid proteins ESgy-S?o-B. It assumes that binding block B
has a high affinity for its recognition sequence, as well as a much lower (but still
significant) affinity for DNA with arbitrary sequences. We consider a mixture of
DNA templates, some harbouring a repeat of the recognition sequence named the
packaging signal (“specific DNA”) and some not (“non-specific DNA”). Already at
low protein concentrations in the bulk, the local concentration of proteins on the
packaging signal can become high enough to give rise to particle nucleation and
growth, and hence the preferential encapsulation of the specific DNA (Figure 4.1a).
Only at much higher concentrations in the bulk, the local concentrations can also
become large enough on non-specific DNA to allow for nucleation, particle growth
and encapsulation (Figure 4.1b).

To select a DNA binding domain that will specifically recognise a packaging
signal, we have to consider a few requirements: (1) The domain should have spe-
cific affinity for a packaging signal, but should also be able to bind non-sequence
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Figure 4.1 — Packaging signal induced encapsulation of a dsDNA template. a)
At low concentration, specific DNA (bottom circle, harbouring a packaging signal
indicated in red) is preferentially encapsulated over non-specific DNA (top circle). b)
At high concentrations, both specific and non-specific DNA are encapsulated.

specifically with a lower affinity to allow particle growth beyond the nucleus. (2)
The domain should be small: large binding blocks may sterically hinder the inter-
action between adjacent silk-like blocks required to form the silk-like core of the
rod-shaped VLP. (3) The domain should preferably bind non-cooperatively, since
we want to retain modularity in the sense that the cooperativity of the particle
assembly is determined only by the central silk block. (4) The domain should be
easy to produce in at least E. coli as this is the production host that we will use,
but ideally it should also be possible to produce it in other hosts such as the yeast
Pichia pastoris in which earlier versions of the artificial viral capsid proteins were
produced. (5) Ideally, it should not be necessary to refold the domain e.g. after
storage as a freeze-dried powder.

In addition to above mentioned requirements, it would be helpful if we have
freedom in choosing the packaging signal. Three well known classes of “designer”
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DNA binding domains'# that qualify for this criterion are the zinc fingers!®, the DNA
binding domains of transcription activator-like (TAL) effectors'®, and the nuclease-
deficient CRISPR-associated 9 (dCas9) in association with CRISPR RNA17:18, Both
the TAL effector proteins and the dCas9/RNA are too large to be packed at the
required density along the silk-like core of the virus-like particles and hence they
violate our criterion 2. The distance between two adjacent silk-like blocks in the
core of the VLP is only 0.5 nm'?, so that we need to look for the smallest possible
DNA binding domains that retain some sequence-specificity.

The ubiquitous zinc fingers proteins”!° typically consist of multiple “fingers”.
Each finger is about 30 amino acids long and recognises a specific combination
of three base pairs in the DNA'®. Good recognition and strong binding usually
requires the presence of three or more adjacent zinc fingers. However, an apparent
exception to this rule is the transcription factor GAGA (GAGA factor) from the
fruit fly Drosophila melanogaster that specifically recognises the DNA sequence
5-GAGAG-3’ via a single zinc finger only?°. Two additional basic regions at its
N-terminus (Figure 4.3b) contribute to binding?!. Basic regions 1 and 2 (BR1 and
BR2) make specific contacts with two base pairs of the recognition sequence, both
in the major and minor groove, thereby wrapping around the DNA (also see the
red domain in Figure 4.3¢)?%°.

A minimal version of the GAGA factor zinc finger, consisting of the single finger
of 30 amino acids plus 21 N-terminal amino acids, was shown to have high affinity
for its DNA recognition sequence (Kq ~ 400 nM)?1:22, It has been successfully
expressed before in E. coli and can be stored as a freeze-dried product without
loss of activity?®2!. This binding domain thus checks at least three of the design
requirements and is therefore the main candidate binding block that we consider
here. Two more small sequence-specific DNA binding domains were identified that
might also be suitable for our purpose. For completeness sake these are described
in the Appendix. We however, decided to at least initially focus on the GAGA factor
zinc finger domain.

Materials & Methods

Materials

The pET24a(+) PRe-RDL cloning vector?® and the cloning vector encoding ESgy-
5?0 (Chapter 2 of this thesis) were prepared previously. The pUC18 plasmid was
purchased from Thermo Fisher Scientific. All oligonucleotides were synthesised by
Sigma-Aldrich. For cloning we used restriction enzymes and chemically competent
cells (NEB5-alpha, NEB10-beta and BL21(DE3)) from New England Biolabs. The
T4 DNA ligase and FastAP thermosensitive alkaline phosphatase were obtained
from Thermo Fisher Scientific. The DNA miniprep, gel purification and PCR purifi-
cation kits used during cloning were purchased from Qiagen Inc. and the GoTaq G2
Green Master Mix from Promega was used for colony PCR. DNase I (RNase-free)
was obtained from New England Biolabs. RNase A (DNase- and protease-free) is
from Thermo Fischer Scientific. All SDS-PAGE materials (10% mini-protean TGX
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precast protein gels, Precision Plus Protein All Blue Prestained Protein Standard
and Laemmli running buffer) were ordered from Bio-Rad, except for PageBlue
protein staining solution which was obtained from Thermo Fisher Scientific. For
agarose electrophoresis, we used agarose from Brunschwig Chemie, SYBR Safe
DNA staining from Life Technologies, and 6x DNA loading dye, GeneRuler 1kb
DNA ladder or TrackIt 1Kb Plus DNA ladder, and 50x TAE buffer from Thermo
Fischer Scientific.

Preparation of target plasmid

To construct a plasmid harbouring the recognition sequence of the zinc finger, two
complementary oligonucleotides were designed with 5’ overhangs complementary
to the EcoRI restriction site (Figure 4.2a). They were annealed at a concentration
of 2 uM in T4 DNA ligase buffer by heating to 95°C for 2 min, followed by slowly
cooling to room temperature over 3 hours. To ligate the annealed oligonucleotides
into the pUC18 plasmid, pUC18 was first linearised with 10 U of EcoRI. The 5’ ends
were dephosphorylated using 1 U of FastAP for 30 min at 37°C and the linearised
plasmid was purified using a PCR purification kit. The annealed oligonucleotides
harbouring the recognition sequence were then ligated into the linearised vec-
tor by using T4 DNA ligase for 1 hour at room temperature. The plasmid was
transformed into NEB5-alpha chemically competent cells and plated onto TB-Agar
plates supplemented with 100 pug/mL ampicillin. Colonies were screened with
colony PCR and the presence of the recognition sequence (GA)s3s was confirmed
by DNA sequencing.

a b

Packaging signal for ZnF Strep-Tagll

5’ aattcgccatgccgge (GA) ,.gccatgecggeg 57 cTGGAGCCACCCGCAGTTCGAAAAGGGTGCAgg

37 gcggtacggeeq (CT) j.cggtacggecgettaa 3’ ccgACCTCGGTGGGCGTCAAGCTTTTCCCACGT
W S H P Q F E K G A

Cc

ZnF

57 cCCAAAGGCCAAACGTGCCAAGCACCCTCCTGGCACCGAGAAGCCTCGCAGTCGTAGTCAGTCAGAGCAGCCCGCCACTTGC

3" ccgGGTTTCCGGTTTGCACGGTTCGTGGGAGGACCGTGGCTCTTCGGAGCGTCAGCATCAGTCAGTCTCGTCGGGCGGTGAACG
P K A K R A KH?P P G TEZ K P RS R S Q S E Q P A T C

CCGATTTGCTA|
GGCT]

P 1 C Y A vV I R Q S RN L R R HUL E L R H F A K

Figure 4.2 - Oligonucleotides designed for cloning and for creating the target
plasmid with packaging signal. a) Oligonucleotides used for creating the target plas-
mid with the packaging signal. b) Oligonucleotides encoding Strep-Tagll, with the
amino acid sequence written underneath the oligonucleotides. c¢) Oligonucleotides
used for cloning of the ZnF binding block. The set of oligonucleotides encoding the
first half of the gene is marked light grey, the set of oligonucleotides encoding the
second half of the gene is marked dark grey. The encoded amino acid sequence is
written underneath the oligonucleotides.
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Preparation of cloning vectors

The pET24a(+) PRe-RDL cloning vector harbouring the ESgy-S?;, gene was pre-
pared previously (Chapter 2). To allow for convenient purification, we placed a
Strep-Tagll sequence at the 5’ end of the gene to create a gene encoding for the
strepll-ESgo-S?;( protein. To construct the plasmid, two oligonucleotides encoding
the Strep-Tagll (Figure 4.2b) were annealed in T4 DNA ligase buffer at a concen-
tration of 2 yuM by heating to 95°C for 2 min, followed by slowly cooling to room
temperature over 3 hours. Next, approximately 2 ug of the cloning vector encoding
ESg0-S?; was linearised using 5 U of BseRI for 2 hours at 37°C. The 5 ends of the
linearised vector were dephosphorylated using 1 U of FastAP for 30 min at 37°C
and all enzymes were removed by using a PCR purification kit. The annealed Strep-
TagllI oligonucleotides were then ligated into the linearised vector in presence of
T4 DNA ligase for 2 hours at room temperature, and transformed into NEB5-alpha
chemically competent cells. The transformed cells were plated on TB-Agar plates
supplemented with 45 pg/mL kanamycin and next day colony PCR was performed
to screen for the colonies containing the cloning vector with the strepll-E%gy-S?q
gene. The sequence was confirmed by DNA sequencing.

To construct a gene encoding the minimal version of the GAGA factor zinc
finger (ZnF), two sets of two complementary oligonucleotides were ordered (see
Figure 4.2c). Both sets were designed to encode approximately half of the gene
and have a 7 base pair overhang complementary to each other. To construct a
PRe-RDL cloning vector encoding the ZnF gene, the two oligonucleotides of each
set were annealed and the pET24a(+) PRe-RDL cloning vector was linearised as
described above. Next, a two-step ligation was performed as follows: first the first
set of annealed oligonucleotides (light grey in Figure 4.2c) were ligated into the
linearised vector in presence of T4 DNA ligase for 4 hours on ice. The ligation was
completed by the addition of the second set of annealed oligonucleotides (dark grey
in Figure 4.2¢) and fresh T4 DNA ligase, followed by an overnight incubation on ice.
Next morning, the ligation product was transformed into NEB5-alpha chemically
competent cells and the cells were plated on TB-Agar plates supplemented with
45 pg/mL kanamycin. Colonies were screened by colony PCR for the presence of
the ZnF gene in the plasmid, which was confirmed by DNA sequencing.

Gene construction

The plasmid encoding for the full strepIl-ESgy-S?o-ZnF protein was constructed by
using recursive directional ligation by plasmid reconstruction (PRe-RDL)?%. The
protocol is described in more detail in Chapter 2 (Figure 2.1) with the following
changes: the A-fragment was obtained from the cloning vector encoding strepll-
ESg0-S?;p and the B-fragment from the vector encoding ZnF. The two fragments
were ligated using T4 DNA ligase for 1 hour at room temperature, transformed
in NEB10-beta chemically competent cells and plated on TB-Agar plates supple-
mented with 45 pg/mL kanamycin. Colonies were screened for the presence of the
full gene by colony PCR and the sequence was confirmed by DNA sequencing.
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Protein expression and purification

The plasmid encoding strepll-ESgy-S?o-ZnF was transformed into BL21(DE3)
chemically competent cells and expressed as described in Chapter 2. To release
the protein, cells were pelleted at 2000 x g for 10 min at 10°C, resuspended in
20 mL of binding buffer (100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, pH 8.0)
supplemented with 1 mM of DTT and lysed on ice by sonication (12 pulses (85W)
of 10 seconds with 20 seconds intervals; Bandelin, Sonopuls VS70T probe). Next,
inclusion bodies were removed by centrifugation at 29000 x g for 12 min at 4°C
and the supernatant was subjected to another centrifugation step at 4°C for 30 min
at 41500 x g to obtain a clear lysate containing the protein. The clear lysate was
pressed through a 0.2 pm filter and finally purified on a StrepTrap HP column
(GE Healthcare Life Sciences) according to manufacturer’s protocol: after protein
binding, the column was washed with binding buffer and the protein was eluted
using elution buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 2.5 mM
D-desthiobiotin (IBA Lifesciences), pH 8.0). Those fractions collected during
column washing that contained pure streplI-E%gy-S?o-ZnF according to SDS-PAGE
analysis and the fractions collected during elution were pooled prior to dialysis
against Milli-Q water. At last, the protein was lyophilised and stored at room
temperature.

The strepll-ESgy-S?o-ZnF protein was expressed a second time and purified
using a slightly adjusted protocol. This time the pelleted cells were resuspended
in 25 mL of PBS binding buffer (20 mM sodium phosphate, 280 mM NaCl, 6 mM
KCl, pH 7.4) and lysed by applying a pressure of approximately 16000 psi onto
the cells using a cooled French press (Thermo Fischer Scientific). After removal of
the inclusion bodies, nucleic acids were pelleted by mixing the lysate with 4 mL
of 10% polyethylenimine and centrifuging at 29000 x g for 12 min at 4°C. The
remaining supernatant was centrifuged again at higher speed (41500 x g for 15 min
at 4°C) to obtain a clear lysate. Next, the pH was adjusted from pH 10.0 to 7.4
using HCI and the resulting aggregated materials were pelleted through another
centrifugation step at 41500 x g for 15 min at 4°C. The protein was now further
purified on a StrepTrap HP column, using the PBS binding buffer to wash the
column and eluting in a PBS elution buffer (20 mM sodium phosphate, 280 mM
NaCl, 6 mM KCl, 2.5 mM D-desthiobiotin, pH 7.4). We found that the protein did
not bind to the column efficiently, but fractions collected during washing appeared
to contain relatively clean protein nevertheless, according to SDS-PAGE analysis.
These fractions were pooled and dialysed against Milli-Q water. Finally, the protein
was lyophilised and stored at room temperature.

Protein characterisation

Protein purity was assessed using SDS-PAGE and matrix-assisted laser desorption
ionisation time-of-flight mass spectrometry (MALDI-TOF MS) as described in Chap-
ter 3 of this thesis.
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Protein assembly

For atomic force microscopy (AFM) and gel shift assays, weighed portions of freeze-
dried protein were solubilised at a concentration of 100 M by vortexing in buffer
(10 mM sodium phosphate, 1 mM DTT, 110 uM ZnCl,, pH 7.4). Lower concen-
trations were prepared by immediately diluting the 100 M protein solution in
PB (10 mM sodium phosphate, pH 7.4). The protein solutions prepared for the
gel shift assays were incubated at room temperature for 2 hours in presence of
15 ng/uL DNA (pUC18 or pCU18-specific) to allow encapsulation of the dsDNA.
Solutions prepared for AFM were allowed to self-assemble by incubation at room
temperature for 24 hours in absence of DNA.

For experiments to identify the origin of an unknown hypothetical template for
fibril formation, 100 M protein solutions were prepared by solubilising weighed
portions of freeze-dried protein in either DNase I buffer (100 mM Tris-HCI, 2.5 mM
MgCl,, 0.5 mM CaCl,, pH 8.0) or, for RNase A treatment, in PB. In the case of the
AFM experiments, the 100 M protein solutions were incubated for 4 days prior
to adding 1 U of the enzyme to 50 uL of the protein solution. Solutions were then
incubated for 3 hours at 37°C (for DNase I treatment) or at room temperature
(for RNase A treatment), followed by a 1 day incubation at room temperature. To
analyse the origin of the hypothetical template by a gel shift assay, 300 U DNase I
was added to a 15 mL protein solution of 100 M. To allow complete digestion
of all free DNA, the solution was subsequently incubated at room temperature for
90 min, at 37°C for 75 min and again at room temperature overnight.

Atomic force microscopy

Samples for AFM imaging were prepared and analysed as described in Chapter 2
of this thesis.

Gel shift assays

To assess whether the hypothetical unknown template is DNA, 10 uL of the 100 uM
protein solution before and after DNase I treatment was loaded on a 0.8% agarose
gel which was supplemented with 1x SYBR Safe DNA stain. Samples were run at
120 V for 30 min and imaged with a Bio-Rad Gel Doc EZ imager.

For the gel shift assays to determine efficiency of protein binding to the DNA,
52.5 ng of DNA (pUC18 or pUC18-specific) with increasing concentrations of
protein was mixed and incubated for 2 hours at room temperature. The mixtures
were loaded on a 1% agarose gel supplemented with 1x SYBR Safe DNA stain. The
samples were electrophoresed at 60 V for 90 min and the DNA was visualised with
a Bio-Rad Gel Doc EZ imager.
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Results

Protein design

Towards the development of an artificial viral capsid protein that, like many natural
viruses, is able to specifically encapsulate its own DNA genome, we here designed a
new variant of the previously described ESgy-S?9-K1, protein (Chapter 3) in which
the non-specific binding block K15 was replaced by a small DNA binding block that
specifically recognises a short DNA sequence. We focus on the single zinc finger
of the GAGA factor (ZnF). For easy purification using affinity chromatography,
a strep-tag (strepll) was added to the N-terminus (the ESg, side) of the protein
during cloning of the construct. Preliminary work for two more binding blocks
(the leucine zipper domain of GCN4 (bZIP) and an AT-hook from the HMGA1
proteins) are described in the Appendix. The gene coding for strepIl-ESg;-S?o-
ZnF was constructed by PRe-RDL, a cloning strategy developed by Chilkoti and
co-workers?® and described in more detail in Chapter 2. A representation of the
PRe-RDL vector with the newly constructed gene, a schematic representation of
the ZnF binding block, and a cartoon of the structure of the complete protein when
bound to DNA are shown in Figure 4.3a, b and c respectively. Oligonucleotides
used for cloning and the encoded protein sequence are shown in Figure 4.2c.

Presence of an unknown template may influence fibril formation

Using atomic force microscopy (AFM) we first explored the self-assembly behaviour
of the strepIl-ESgy-S?0-ZnF protein, in the absence of a DNA template. Freshly
dissolved protein in presence of a 1.1 equivalent of zinc (required for the ZnF block
to adopt its functional conformation) was incubated for 24 h to allow for potential
self-assembly of proteins into fibrils. To also analyse the effect of concentration
on protein fibril formation, as observed previously for ESgy-S?10-K12 and ESgy-S%
proteins (Chapter 2 and 3), solutions were prepared at both a low (1.8 xM) and
a high (100 uM) concentration. Occasional long fibrils were observed at low
concentrations (Figure 4.4a), while at high concentrations, a large number of long
fibrils were observed (Figure 4.4c). While the previously described ESgy-S?10-K12
also forms fibrils in the absence of a template, these appear to be shorter than
the fibrils observed here for strepll-ESgo-S?1o-ZnF, especially at low concentrations
(see Figures 3.6a and 3.7a in Chapter 3). Higher resolution scans (Figures 4.4b,d)
reveal a second unexpected feature at high protein concentrations. As pointed
out by the white arrowheads in Figure 4.4d, thin and flexible strands/wires seem
to be attached to the sides of the fibrils or sticking out at their ends. Some of
these strands make connections between fibrils. The appearance (dimensions and
flexibility) of these strands is very similar to that of nucleic acids dried on a silica
surface. These observation raise the question whether DNA or RNA may have been
inadvertently co-purified together with the strepll-ESg-S?0-ZnF protein and may
have caused more extensive fibril formation than would have been expected in the
absence of a template.
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Figure 4.3 — Design of an artificial viral capsid protein sensitive to packaging
signals. a) PRe-RDL cloning vector with the streplI-ESg,-S%o-ZnF protein gene. Green
represents the Ego random coil block with the N-terminal strepll tag, purple represents
the S silk block, red represents the ZnF DNA binding block. b) Amino acid sequence
and representation of solution structure of the ZnF block. BR1 and BR2 indicate
basic regions 1 and 2, 81 and 2 indicate two (-sheets, and « indicates an «a-helix.
¢) Cartoon of (hypothetical) solution structure of strepII-ESgo-SQlo-ZnF protein when
bound to target DNA. Colours as in a).

The unknown template possibly is bacterial DNA

In an attempt to deduce the origin of the hypothetical unknown template, 100 M
protein solutions were treated with either DNase I or RNase A. No zinc was added
to the buffer to limit binding and encapsulation of any potential template by the
strepll-ESgy-S?0-ZnF proteins. After both treatments, fibrils remained visible as
seen in AFM (Figure 4.5). Higher resolution scans, however, did not show any
flexible strands sticking out or connected to the fibrils upon DNase I treatment
(Figure 4.5a,b), whereas we did observe such strands in the RNase A treated sample
(Figure 4.5c,d). These findings suggest that the unknown template observed in
Figure 4.4 is susceptible to digestion by DNase I, but not by RNase A, and could be
bacterial DNA.

To further verify this, agarose gel electrophoresis was performed on 100 M
protein solutions either exposed to DNase I for 20 h or not. SYBR safe was used
as nucleic acid stain in the agarose gel electrophoresis and results are shown in
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Figure 4.4 — An unknown template possibly causes enhanced fibril formation of
purified strepII-E5gy-S%-ZnF. AFM images of purified strepll-ESg,-S%o-ZnF protein,
incubated in the absence of a DNA template. a) 1.8 uM protein. b) 1.8 M protein,
high resolution zoom. c¢) 100 M protein. d) 100 M protein, high resolution zoom.
White arrowheads indicate thin strands connecting together different fibrils.

Figure 4.5e. For both samples (with and without DNase I treatment) a clear band
was visible with very low mobility. This matches the hypothesis that the co-purified
templates are nucleic acids and that these nucleic acids have been encapsulated,
as such complexes would move with very low mobility. It is, however, not possible
from this gel to identify the nucleic acids as DNA, since the bands, both in absence
and presence of DNase I treatment, have roughly the same intensities. As previously
observed, encapsulated DNA is well protected against DNase I'2, and the enzyme
probably only degrades the small portion of DNA that is visible as thin strands
on the outside of the VLPs in the AFM images. Consequently, both samples have
roughly the same amount of DNA and show similar intensities on the gel.

In summary, is seems very likely that bacterial DNA has inadvertently been
co-purified with the streplI-ESg,-S?1,-ZnF protein and has become partially encap-
sulated by the protein. Indeed, the purification protocol did not involve high salt
conditions that might break interactions between the proteins and bacterial DNA,
nor was the bacterial lysate treated with nucleases before further purification steps.

Newly purified ESg-S?,-ZnF is partly truncated at the C-terminus

Next, we decided to produce the strepll-ESgg-S?-ZnF protein again using an
additional step to remove any bacterial nucleic acids from the lysate. To this
purpose, positively charged polyethylenimine was mixed with the lysate followed
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Figure 4.5 — The unknown template possibly is bacterial DNA. AFM images (a-d)
and agarose gel electrophoresis (e) of purified strepll-Eg,-S%o-ZnF protein treated
with DNase I or RNase A. a) 100 M treated with DNase I. b) 100 uM treated with
DNase I, high resolution zoom. ¢) 100 ;M treated with RNase A. d) 100 uM treated
with RNase A, high resolution zoom. e) Agarose gel electrophoresis. Lane 1: before
DNase I treatment, lane 2: after DNase I treatment. Ladder is TrackIt 1kb plus DNA
ladder.

by centrifugation to pull-down negatively charged macromolecules including DNA
and RNA. Expression and purification of streplI-ESgo-S?0-ZnF was analysed using
SDS-PAGE, showing a single band (Figure 4.6a). As also observed for the previously
described ESgy-S?9-K12 (Chapter 3), the protein migrates slower than expected
for a 44.7 kDa protein, most likely as a consequence of the poor SDS binding by
these type of proteins'? 1324,

However, MALDI-TOF MS (results shown in Figure 4.6b) does not show a peak
at the expected molecular weight of 44745 Da. Instead, three smaller peaks were
observed corresponding to molecular weights of 42212.7, 39019.8 and 38230.8 Da.
Table 4.1 summarises the expected and experimentally observed masses. The
masses observed in MALDI-TOF MS are approximately 2500-6500 Da smaller than
expected. Such big differences most likely indicate either that a truncated version
of the protein was produced in the bacteria, or that the protein was partially cleaved
during or after expression.

Production of a truncated protein is unlikely as previous versions of the artificial
viral capsid protein were produced in bacteria without any problems, and literature
also describes the bacterial expression of the ZnF sequence?®2!. Furthermore,
sequencing of the full streplI-ESgy-S?;o-ZnF gene did not show any unexpected
frameshifts and/or introduced stop codons. We therefore believe that the protein
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Figure 4.6 — Characterisation of strepII-ESg,-S%o-ZnF purified with an additional
polyethylenimine precipitation step. a) SDS-PAGE analysis. b) MALDI-TOF spec-
trum. c) Schematic image of the ESgy-S%0-ZnF protein including molar masses of each
block and possible cleavage sites as determined from peaks observed in MALDI-TOF
MS (indicated with *).

Table 4.1 — Expected and experimental (MALDI-TOF MS) molar masses of streplI-
Esgo-SQm-ZnF

Expected MW (Da) Experimental MW (Da) Mass deviation (Da)

44744.76 42212.7 -2532.06
39019.8 -5724.96
38230.8 -6513.96
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was proteolytically cleaved during or after expression. Successful purification of
the protein using the N-terminal strep-tag suggests that the N-terminal ESg, block is
still intact, and that cleavage likely occurred at the C-terminal end, which includes
the C-terminal ZnF block.

Figure 4.6¢ shows a schematic image of the ESgy-S?o-ZnF protein indicating
possible positions of cleavage based on the observed peaks in MALDI-TOF MS. A
first possible cleavage site, resulting in the biggest protein (42212.7 Da) identified
with MALDI-TOF MS, is located around the second [3-sheet within the zinc finger
(compare with Figure 4.3b). Most of the “finger” structure is thereby lost, but
the basic regions are still intact. A second possible cleavage site is located near
the N-terminal end of the ZnF block and results in a protein of about 39019.8 Da
which lost its full ZnF block. Finally, a third possible cleavage site is also located
near the N-terminal end of the ZnF block, but in this case the ZnF block and a few
C-terminal amino acids of the silk-like block may have been cleaved off.

For all three cases, the DNA binding ability of the protein via the ZnF block
is expected to be compromised, with only a few low-affinity specific interactions
with the DNA expected to be formed by the unaffected BR1 and BR2 regions in the
biggest protein of 42212.7 Da. Additional experiments were performed in order
to further confirm that truncations had occurred at the C-terminus, that should
impair DNA binding but not self-assembly per se.

DNA binding of truncated protein

To assess the DNA binding ability of the purified streplI-ESg,-S?1o-ZnF protein, gel
shift assays were performed using pUC18 plasmids either containing a (GA)ss
packaging signal insert or not containing the insert. Increasing concentrations of
the protein were mixed with a constant concentration of DNA and incubated for
2 h to allow DNA binding and encapsulation. Protein-to-DNA ratios are given as
the number of proteins per base pair (P™*"/}, ). For an intact GAGA ZnF binding
block the minimal DNA binding site is known to be 9bp?°, hence for an intact
binding block we would expect a significant gel shift at a ratio of !/9 or higher.

Results are shown in Figure 4.7. The protein binds similarly to both types of
DNA and the shift to low mobility complexes only occurs at a very high protein-
to-DNA ratio of one protein per 2bp. Hence, there seems to be only non-sequence
specific, low-affinity binding, consistent with the observation of a C-terminally
truncated protein.

Self-assembly in the absence of template is unaffected for the
truncated protein

Assuming that the binding block B has no (or only a minor) influence on the assem-
bly of triblock proteins ESg-S?10-B into fibrils, we expect that for the C-terminally
truncated streplI-E®gy-S?o-ZnF protein, the concentration-dependent self-assembly
is similar to that of E%gy-S?9-K1,. This is indeed borne out by experiments. AFM
analysis reveals that hardly any fibrils are formed at a low protein concentration of
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1.8 uM (Figure 4.8a), whereas short fibrils were clearly present at higher concen-
trations (Figure 4.8b,c). Furthermore, the fibril length increases with the protein
concentration from a weight averaged length of 116 nm at 21.24 M to 238 nm
at 100 uM (see histograms in Figure 4.8b,c and Table 4.2). These results are com-
parable to those we previously found for ESgy-S? diblocks (Chapter 2). This not
only (again) confirms that the truncation has occurred C-terminally, but also that
the triblock design for the artificial capsid polypeptide is quite modular, with the
template binding functionality being largely independent from the self-assembly
functionality.
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Figure 4.7 — DNA binding of the truncated protein. Gel shift assay: the value indi-
cated above each well is the ratio of the molar concentration of protein to the molar
concentration of DNA base pairs. Total DNA concentration was fixed at 24.3 uM. a)
pUC18-specific plasmid DNA (with (GA)ss packaging signal insert) with increasing
concentrations of protein. b) pUC18 plasmid DNA (no insert) with increasing con-
centrations of protein. Last two lanes: * protein only at 21.24 uM, ** protein only at
100 pM.

Table 4.2 — Number (<L>,) and weight (<L>,) averaged lengths of protein
fibrils.

N <L>, (nm)* <L>, (nm)*

21.24 uM 483 108 (£29.1) 116 (£ 2.0)
100 uM 478 197 (£90.3) 238 (£ 16.1)

* Number and weight averaged particle lengths (+ s.e.m.) were calculated using the
data obtained from AFM images (see Figure 4.8). All particles shorter than 50 nm
were omitted from the calculations.
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Figure 4.8 — Self-assembly in the absence of template is unaffected for the trun-
cated protein. AFM images (top panels) and fibril length distributions deduced from
AFM images (bottom panels; weight fraction of protein incorporated into fibrils as a
function of fibril length) for strepII-ESgy-S%o-ZnF protein in the absence of a template.
a) 1.8 uM protein. b) 21.24 ;M protein. ¢) 100 M protein. Insets of histograms also
give the weight averaged lengths <L>,, of the protein fibrils.

Discussion & Outlook

Recently, two research groups reported the development of self-assembling
VLPs that encapsulate their own RNA genome inside bacteria!®!!. Both the
computationally-designed capsid proteins described by Baker and colleagues'® and
the modified Aquifex aeolicus lumazine synthase (AaLS) proteins from Hilvert and
colleagues'! package RNA while self-assembling inside the E. coli cells. Packag-
ing by the computationally-designed proteins, however, is based on non-specific
electrostatic interactions and encapsulation is not limited to its own capsid RNA
genome. About 25% of the encapsulated RNA originates from the host, and
enrichment of the capsid RNA genome was related to its very high overexpression
levels which simply increases the chance to randomly encapsulate the capsid
genome. In contrast, the AaLS proteins were equipped with a cationic N+ peptide
to mediate specific recognition of capsid RNA harbouring BoxBr packaging signals.
Consequently, non-specific packaging of host RNA was limited to about 15% of the
total amount of encapsulated RNA.

As compared to the complex lumazine synthase capsids, a specific advantage
of our simple de novo designed artificial viral capsid proteins is that they are highly
modular, with template binding being largely independent from self-assembly, as
we have also shown in this chapter. Each individual block fulfils a desired function
and can be adapted to the intended application, e.g. by introducing single amino
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acid changes, by replacing an entire block for another one (Chapter 2 and 3), or
by the fusion of additional functional blocks (Chapter 5).

Furthermore, for our proteins the presence of a (DNA or RNA) template itself,
is a strong trigger for particle formation (Chapter 3). This is not the case for
the lumazine synthase capsids, and has also not been shown to be the case for
the computationally-designed capsid proteins described by Baker and colleagues'®.
Therefore, we would expect that with our design it should be possible to truly
achieve encapsulation only for templates harbouring the correct packaging signals,
and to achieve a higher degree of incorporation of “correct” templates, as compared
to the relatively low efficiencies obtained by the Baker!? and Hilvert!! groups.

Here, we have not yet been able to show that this is indeed possible with E%g,-
SQ10-B proteins where B is a small sequence-specific binding domain. It should be
possible, however, to obtain intact strepll-ESg-S?o-ZnF protein by optimising the
purification protocol, for example by including protease inhibitors and/or carrying
out purification at low temperatures. Also, other sequence-specific binding blocks
B, such as the AT-hooks and the bZIP leucine zipper described in the Appendix, may
allow for the production of intact and functional proteins. In addition, it would be
interesting to see if we can extend such specificity to RNA templates.

We have not yet demonstrated that assembly of our artificial viral capsid pro-
teins into VLPs is also possible inside the complex environment of the E. coli cells.
However, we are encouraged by the observation in this chapter that (encapsulated)
bacterial DNA co-purifies with the strepIl-ESgy-S?o-ZnF protein.

In conclusion, despite the fact that here we have not yet obtained this goal, we
believe that the ESg-S?;(-B protein design, with suitable choices for the binding
block B, should definitely allow for capsids that better mimic natural viruses in their
ability to specifically encapsulate a genomic template (viz. their own genome). In
addition to an increased understanding of viral assembly, this would also pave the
way for more advanced directed evolution approaches, with important implications
for the development of more efficient nucleic acid delivery vehicles.
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Appendix

Other possible sequence-specific binding blocks

As an alternative to the zinc finger (ZnF) motif discussed in the main text of this
chapter, two other small DNA binding motifs were identified that could serve as a
sequence-specific DNA binding block in our artificial viral capsid protein: the basic
region leucine zipper (bZIP) and the AT-hook.

The eukaryotic bZIP motif folds into an «-helix (see the red domain in Fig-
ure A4.1a) and consists of a charged basic region that makes specific contacts with
nucleotides in the major groove of the DNA and a leucine zipper region for dimeri-
sation of two bZIP-containing proteins?®>. The 56 amino acid long bZIP peptide
(see Figure A4.1c for the amino acid sequence) from the yeast transcription fac-
tor GCN4 was shown to specifically bind as a dimer to the palindromic sequence
5’-ATGACGTCAT-3’ with high affinity (K4 ~ 50 nM), and with reasonable affinity
(K4 ~ 1000 nM) to random DNA sequences®®?7. Finally, this small peptide has
been produced before in E. coli indicating that this expression host can produce
functional bZIP?’.

AT-hooks are very small DNA binding domains (of only a few amino acids each)
found in eukaryotic proteins, and bind in the minor groove of AT-rich DNA (see the
red domain in Figure A4.1b)2%2°, A 10 amino acid long AT-hook (see Figure A4.1d
for the amino acid sequence) found in the human HMGA1 proteins was shown
to bind 5-AATT-3’ DNA sequences with reasonable affinity (K4 ~ 6000 nM)3°.
Although this is not as high as that of the ZnF and bZIP motifs, the AT-hook remains
a very interesting candidate due to its small size (10 amino acids only) and its lack
of secondary structures which will make it easier to produce a functional version
of this DNA binding motif.

Materials & Methods

Only aspects specific to the AT and bZIP binding domains are discussed below, for
other aspects, see main text.

Preparation of cloning vectors

For construction of a pET24a(+) PRe-RDL cloning vector encoding for the bZIP
binding domain, two sets of oligonucleotides were designed (see Figure A4.1c)
and ligated into the cloning vector using the two-step ligation as described for
the ZnF domain (see main text). For the AT-hook, a single set of oligonucleotides
was sufficient (see Figure A4.1d), which were first annealed and then ligated for
1 hour at room temperature into the linearised cloning vector. All ligation products
were then transformed into chemically competent cells, screened and sequenced
as described for the ZnF domain in the main text.
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a Es,-S9, -bzZIP: b Es,-5°,-AT
(GSGVP),, - (GAGAGAGQ),, - bZIP (GSGVP),, - (GAGAGAGQ),, - AT

bZIP
5’ CcGACCCAGCGGCATTAAAACGCGCACGCAACACGGAGGCAGCTCGTCGTTCGCGTGCTCGTAAGTTGCAACGTATGAAACAG
3" ccgCTGGGTCGCCGTAATTTTGCGCGTGCGTTGTGCCTCCGTCGAGCAGCAAGCGCACGAGCATTCAACGTTGCATACTTTGTC
D PA ALK R ARNTEA AARI RSI RARIEKILIOQIRMEI K Q
TTGGAAGAT.
AAC!
L E DKV EEILIL S KN Y HULENZEV A RLKZ KL V G E R

d
AT

5’ cCCGAAACGTCCGCGCGGTCGCCCTAAAGGCgg
3’ ccgGGCTTTGCAGGCGCGCCAGCGGGATTTCCG
P K R P R G R P K G

Figure A4.1 — Design of artificial viral capsid proteins with a sequence-specific
DNA binding block. a) Cartoon of the hypothetical structure of the ESg;-S%-bZIP
protein when bound to DNA. In green the E5g, random coil block with the N-terminal
strepll-tag, in purple the S%o silk-like block, and in red the DNA binding block. b)
The hypothetical structure of E5gy-S%o-AT upon binding to the target DNA. Colours
as in a). c) Oligonucleotides encoding the gene for the bZIP binding block. The first
half of the gene is encoded by the set of oligonucleotide that are marked light, and the
oligonucleotides encoding the second half of the gene are marked dark grey. d) Set of
oligonucleotides encoding the AT binding block.

Gene construction

The full gene of streplI-ESgy-S?o-bZIP is not yet constructed. Construction of the
strepll-E%gy-S?o-AT gene could not be done using the PRe-RDL cloning strategy
that was used to construct strepll-ESgy-S?o-ZnF as we unintentionally designed
the AT-hook oligonucleotides with a BglI site. A requirement for PRe-RDL is that
the BglI site is unique in the cloning vectors which thus was not the case for this
gene. Instead, we treated the strepIl-ESgy-S? o cloning vector overnight at 37°C
with 10 U each of BseRI and Acul, and purified the strepll-ESgy-S?o fragment from
an agarose gel. The cloning vector encoding the AT-hook was linearised overnight
at 37°C with 5 U BseRI, dephosphorylated at the 5’ ends using 1 U of FastAP for
30 min at 37°C and purified using a PCR purification kit. The strepII-ESgo-S%
fragment was then ligated into the linearised vector by T4 DNA ligase for 90 min
at room temperature. Transformation into chemically competent cells, screening
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and DNA sequencing was performed as described in the main text.

Results

Although initial steps were performed in the construction of an expression vector
encoding the strepll-ESg,-S210-bZIP protein by preparing a pET24a(+) PRe-RDL
vector coding for the bZIP domain, we did not yet construct the full strepII-ESgq-
5Q10-bZIP gene. For strepll-ESgo-S?;,-AT, on the other hand, an expression plasmid
was constructed as described above by ligation of a DNA fragment coding for
strepll-E%g-S? o immediately upstream of the AT-coding sequence in a pET24a(+)
PRe-RDL vector. Unfortunately, we were not able yet to produce and purify the
strepll-ESgo-S?o-AT protein successfully.

Discussion

The ZnF motif described in the main text of this chapter is a very interesting
candidate binding block for our artificial viral capsid proteins because it is rel-
atively small (51 amino acids), has a good affinity for its recognition sequences
(Kq ~ 400 nM)2%-22 and on top of that it can be genetically engineered to recognise
a chosen DNA sequence!%31-3* On the other hand, in order to function properly
the ZnF domain should adopt a conformation that requires the incorporation of a
zinc ion, and hence is slightly more complex and demanding than the two DNA
binding candidates discussed in the current appendix.

Indeed, the relatively easy fold of the bZIP peptide (viz. an a-helix) likely fa-
cilitates refolding of a bZIP-carrying artificial viral capsid protein into a functional
protein after storage as a freeze-dried powder. Issues may however occur at the
level of protein self-assembly since the leucine zipper region within the bZIP pep-
tide essentially is a dimerisation domain and may thus interfere with the proteins
assembly behaviour instructed by the silk-inspired block. If such problems indeed
occur, the design of this binding domain may possibly be adjusted by removing
the leucine zipper region from the bZIP coding sequence, thereby leaving only the
bZIP basic region that is responsible for the sequence-specific DNA binding.

Concerning the size and folding of the candidate binding blocks, the AT-hook
motif is maybe the most interesting. With a length of about 10 amino acids, AT-
hooks are about 5x smaller than the ZnF and bZIP motifs and are similar in length
to the 12 amino acid counting non-specific binding block K;; used in current
designs of the artificial viral capsid protein. Hence, it is very likely that they can
be easily packed along the silk-like core of the virus-like particles. Additionally,
the lack of secondary structures should avoid any issues caused by folding-errors.
Despite these two big advantages, AT-hooks have a relatively low affinity for their
recognition sequence (K4 ~ 6000 nM)3° if compared to the ZnF and bZIP motifs,
so that the typical protein concentrations used in our experiments (1.8 xM) may
not be high enough to induce sequence-specific binding. On the other hand, the
AT-hooks are so small that it may be possible to increase affinity of the AT binding
block by incorporating two or more adjacent AT-hooks instead of only a single one.
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Overall, each binding domain may have its own advantages and disadvantages.
While we do not know their full implications on the ability of the artificial viral
capsid proteins to bind and encapsulate nucleic acids, it would be interesting in
future studies to not only produce and characterise strepII-E%gy-S?o-ZnF, but also
strepll-ESgo-S?o-bZIP and strepll-ESgo-S?;(-AT.
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Uptake and processing of mRNA
encapsulated by artificial viral
capsid proteins in HeLa cells

One of the first requirements for successful transfection by non-viral vectors is efficient
cellular uptake. Here, we investigate this first crucial step for rod-shaped virus-like
particles composed of the C-S919-Ky» artificial viral capsid protein and a luciferase-
encoding mRNA. We also investigate whether cellular uptake can be enhanced by
chemically conjugating an RGD cell-binding peptide to the unique N-terminal cysteine
on the hydrophilic C-block of the C-S9;o-K;, protein. We established that with 100%
RGD-labelled proteins the assembly into VLPs is compromised, but that proper VLP
assembly is restored by mixing-in sufficient amounts of unlabelled protein. Next,
uptake of fluorescently-labelled VLPs by HeLa cells was studied using confocal laser
scanning microscopy. The unique N-terminal cysteine of the proteins was used to
fluorescently label a fraction of the proteins in the VLPs, while the mRNA that was used
was also fluorescently labelled. The presence of bright fluorescent spots (both protein
and mRNA) inside the cells suggests the particles enter HeLa cells via endosomes.
The overall fluorescence due to particles inside the cells increases somewhat with an
increasing fraction of RGD-labeled protein, but the effect is small, presumably due
to shielding of the RGD-peptides by the long and flexible C blocks of the proteins.
Expression of the luciferase encoded by the mRNA could not be detected, suggesting
that the bottleneck to successful transfection is poor endosomal escape or unsuccessful
unpacking of the VLPs, but probably not cellular uptake.

Part of the data in this chapter was obtained in collaboration with:
O. Paulino da Silva Filho and R. Brock (Radboud University Nijmegen)



Chapter 5

Introduction

In recent decades, the field of gene therapy has made great strides in moving to-
wards clinically approved therapies. For viral vectors, the first clinically approved
therapies have come on the market and many clinical trials are ongoing'. Viral
vectors still face risks and problems such as in their safe and efficient production?,
their inherent immunogenicity and the risk of insertional mutagenesis®“. There-
fore, there has also been continued interest in the further development of non-viral
vectors for nucleic acid delivery™®.

Recently, mRNA delivery has come to the fore as a method to express therapeu-
tically active proteins in cells in a range of applications such as protein replacement,
vaccination and CRISPR-Cas9-mediated gene editing®®. In view of the need for
repeated administration and the possible problems of viral delivery vectors with
immune reactions, mRNA delivery would benefit from the development of safe and
effective non-viral delivery agents.

Good in vitro and in vivo transfection efficiencies of mRNA, are especially re-
ported for lipid nanoparticles®. Development of such efficient nanoparticles, how-
ever, may be complex as it requires the precise optimisation of their components,
which typically includes cationic lipids, phospholipids and cholesterol'?. In addi-
tion, chemical modification of the lipid nanoparticles with polymers like PEG is
in general required to reduce their clearance and immunogenicity®. Polycations
such as polyethylenimine (PEI) and polylysine and related polymers have also
been explored extensively. These suffer from similar rapid clearance issues and
additionally from a relatively high toxicity!~!3,

There is sustained interest in the development of novel classes of non-viral
delivery agents that can address the above limitations of lipid nanoparticles and
polycations. The artificial viral capsid proteins discussed in this thesis could be such
a new class of non-viral delivery agents, which is intermediate between polymers
and natural virus capsids. Indeed, the triblock protein C-S?y-K, that was devel-
oped earlier'* has been shown to not only encapsulate DNA, but also mRNA!®. The
mRNA was shown to be encapsulated into rod-shaped virus-like particles (VLPs)
and to be protected against degradation by RNases. The VLPs are non-toxic to
HeLa cells and red blood cells, but transfection could not be detected and only a
weak transfection efficiency was found for HEK293T cells'®.

Successful protein production from mRNA, only occurs if each of the many
steps involved in delivery proceeds successfully. At the cellular level, some of the
key steps are uptake of the delivery agents by the cells, escape from the endosomes
in which they usually end up, and unpacking from the delivery vehicle> %17, Only
if intact mRNA ends up in the cytoplasm, it will be transcribed into protein and
can have its intended therapeutic effect.

Coming back to mRNA encapsulated into rod-shaped VLPs by the C-S?-K1
protein, its low transfection efficiency may be caused by a bottleneck in any of the
above steps. Here we address the first basic step, that of entry and uptake of the
VLPs by cells, at the in vitro level. Due to the lack of positively charged amino acids
at the surface of the VLPs, it might very well be that they are not taken up by cells,
for which their membranes are negatively charged, as efficiently as some cationic
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lipid- and polymer-based vehicles. This problem might be resolved by the addition
of cell-targeting peptides that facilitate binding of the particles to cell membranes
and subsequent entry'®,

In this chapter we therefore explore the cellular uptake and processing in HeLa
cells of mRNA encapsulated by C-S?5-K1, proteins into rod-shaped VLPs. We
compare unmodified VLPs to VLPs modified with cell-binding RGD peptides'®1°.
The latter are chemically coupled to the N-terminal cysteine of the C-S?9-K1o
proteins, adjacent to the C block. In order to track the fate of the mRNA and
protein components of the VLPs once inside the cells, we use fluorescently labelled
C-5219-K 12 proteins as well as fluorescently labelled mRNA. We find that VLPs
are taken up by Hela cells, presumably in endosomes, but that uptake is only
somewhat enhanced by the presence of the RGD peptides.

Materials & Methods

Materials

The C-S?-K1, protein was produced and purified previously as described by
Hernandez-Garcia et al.'*. CleanCap Cyanine 5 (Cy5) Firefly Luciferase (FLuc)
mRNA of 1921nt was purchased from TriLink Biotechnologies. With a 5’ Cap 1
structure and a 3’ poly-A-tail, the mRNA mimics a fully processed mature mRNA.
The mRNA is labelled with the Cy5 dye, which is coupled to approximately 25%
of the uridines in this mRNA. pUC18 DNA was obtained from Thermo Fisher
Scientific. Also the Alexa Fluor 594 Cs-maleimide dye was purchased from
Thermo Fisher Scientific, while the RGD-maleimide peptide with the sequence
GRGDSPGK(Maleimide), was synthesised by PepScan. Reducing agents Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) and DL-Dithiothreitol (DTT) were
purchased from Sigma-Aldrich. The 10% mini-protean TGX precast protein gels,
Precision Plus Protein All Blue Prestained Protein Standard and Laemmli running
buffer were obtained from Bio-Rad. The PageBlue protein staining solution was
bought from Thermo Fisher Scientific, same as the Slide-A-Lyzer dialysis cassettes
with a molecular weight cutoff of either 3.5 kDa or 10 kDa and a capacity of
0.5-3 mL. The Amicon Ultra-0.5 centrifugal filters with a cutoff of 3 kDa, and
the Ultrafree-MC PVDF centrifugal filters with pore size 0.22 ym were purchased
from Merck. RPMI 1640 and DMEM cell culture media with and without phenol
red, Glutamax I, fetal calf serum (FCS), Opti-MEM medium, and HEPES buffered
saline (HBS) were all obtained from Gibco, Thermo Fisher Scientific. Also Lipo-
fectamine Messenger Max was purchased from Thermo Fischer Scientific. Trypsin
in EDTA was from PAN Biotech, HeLa and HEK293T cells were obtained from
the German collection of microorganisms and cell cultures (DSMZ). SKOV3 and
HFL1 cells were purchased from the American type culture collection. pu-slide
(chambered coverslip) 8-well plates for confocal laser scanning microscopy were
purchased from Ibidi. For immunocytochemistry, bovine serum albumin (BSA)
was purchased from Sigma-Aldrich. Anti-31 (anti-human, mouse 4B4 clone),
anti-av (anti-human, mouse 17E6 clone) and anti-33 (anti human, Y2/51 clone),
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and isotype-matched non-specific mouse or rat IgGs were acquired from Beckman
Coulter and secondary goat anti-mouse antibody conjugated to Alexa Fluor 488,
purchased from Thermo Fischer Scientific.

Conjugation of cell-binding peptide and fluorophore to the pro-
tein via thiol-maleimide coupling

The cell-targeting peptide RGD and the Alexa Fluor 594 dye were conjugated to the
N-terminal unique cysteine of the C-S?y-K1, protein via thiol-maleimide coupling.
For coupling of the RGD peptide, the C-S?y-K1, protein was solubilised in 50 mM
sodium phosphate buffer (PB; pH7.4) at a concentration of 50 M by heating
to 65°C for 10 min while vortexing. A 10x molar excess of the reducing agent
DTT or TCEP was added to the protein and incubated for 1 hour at RT to reduce
any disulphide bridges formed by the cysteines. In the case of DTT, the reducing
agent was removed after incubation by using 3 kDa centrifugal filters. Removal of
TCEP was not necessary as this compound does not reduce thiol-maleimide bonds.
Next, a 20x molar excess of the RGD peptide in DMSO was added dropwise, while
stirring the protein under argon atmosphere. The reaction was allowed to proceed
for 2 hours at room temperature. After the reaction, the protein was purified from
the excess peptide and, if applicable, the TCEP either by using 3 kDa centrifugal
filters, or by using 3.5 kDa Slide-A-Lyzer dialysis cassettes in MilliQ water. Finally,
the protein was lyophilised and stored at room temperature.

Conjugation of the Alexa Fluor 594 (AF594) dye was performed as described
above using TCEP as the reducing agent. The AF594-modified C-S?y-K1» was
purified by using a 3.5 kDa Slide-A-Lyzer dialysis cassettes in MilliQ water and
lyophilised. Size exclusion chromatography however showed that not all unbound
dye was removed. Therefore, the freeze-dried product (~3.13 mg) was solubilised
in 2.0 mL MilliQ by vortexing. The solution was dialysed against MilliQ water using
a 10 kDa Slide-A-Lyzer dialysis cassette for a total of 45 hours at 4°C. The dialysis
buffer was refreshed 4x during these hours. Unbound dye was further removed by
3 kDa centrifugal filters for 13x. The remaining product was lyophilised and stored
at room temperature.

Characterisation of modified C-S?1-K12

The modified C-S?¢-K1, proteins were analysed by size exclusion chromatography
(SEC) to evaluate purity and for AF594 also successful conjugation. The freeze-
dried proteins were solubilised in 50 mM PB with 150 mM NaCl (pH7.4) by heating
to 65°C and simultaneously vortexing for 15 min, and filtered through a 0.22 ym
centrifugal filter. The AF594-conjugated protein was freeze-dried twice with an
intervening step in which the unbound dye was further removed by dialysis. For
SEC, we used the initial freeze-dried product that was not yet further dialysed. The
resulting solutions had a protein concentration of 20 uM. Per protein solution,
100 pL was loaded onto a Superdex 75 10/300 GL column (GE Healthcare Life
Sciences) equilibrated in 50 mM PB with 150 mM NaCl (pH7.4). The used flow
rate was 0.5 mL/min. Protein peptide bonds were detected at a wavelength of
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214 nm and the Alexa Fluor 594 dye was detected at 588 nm which is the maximum
excitation wavelength for this dye.

In addition to SEC, SDS-PAGE analysis was performed to evaluate protein
purity and for AF594 also successful conjugation. After electrophoresis, the dye
was visualised in unstained gels using ultraviolet illumination. Next, proteins were
stained with PageBlue and imaged with white light. Finally, conjugation of the
RGD peptide was confirmed by matrix-assisted laser desorption ionisation time-of-
flight mass spectrometry (MALDI-TOF MS). The protocols used for SDS-PAGE and
MALDI-TOF MS are described in more detail in Chapter 3 of this thesis.

Preparation of VLPs

For experiments to optimise VLP formulations, stock solutions of 100 yM RGD-C-
520-K12 and 50 M unmodified C-S?;,-K1, were prepared by solubilising freeze-
dried protein in 10 mM PB (pH7.4) by heating to 65°C for 10 min while vortexing.
RGD-C-5%4-K15 and unmodified C-S?-K;, were mixed at various ratios, contain-
ing 100, 33.3, 9.1 or 4.8% RGD-C-52o-K15. These protein mixtures were then
mixed with pUC18 DNA at an N/P ratio of 7 in 10 mM PB. The final (total)
protein and DNA concentrations per sample were always 1.8 M and 1 ng/uL
respectively. As a control, 100 uM RGD-C-S?y-K15 was diluted to 1.8 xM in 10
mM PB in absence of DNA. All sample conditions were incubated for 24 hours at
room temperature.

For cell entry experiments, stock solutions of 1 mg/mL (~22 uM) of RGD-C-
520-K12, AF594-C-52,0-K1, and unmodified C-S?y-K15 were prepared in 10 mM
PB (pH7.5) supplemented with 0.1 mM DTT (VLP buffer). DTT was added to
reduce any disulphide bridges formed between the cysteines of unmodified C-S?,-
K12. The freeze-dried proteins were solubilised by heating to 65°C for 30 min
while vortexing. Modified proteins were mixed with unmodified protein at the
three different ratios to form the protein formulations listed in Table 5.1. The
protein mixtures were then split into two equal aliquots and supplemented with
either Cy5-labeled FLuc mRNA, or with VLP buffer only. Proteins and mRNA were
mixed at an N/P ratio of 6, with a final (total) protein concentration of 14.14 M
and a final mRNA concentration of 10 ng/uL. Finally, to form VLPs all mixtures
were incubated for 24 hours at room temperature.

Table 5.1 - Protein formulations used for cell entry experiments.

RGD-C-SQl()-Klz AF594-C-SQ10-K12 Unmodified

(%)* (%)* C-S%19-K12 (%)*
VLP 0 9.1 90.9
RGD-VLP 9.1 9.1 81.8
6xRGD-VLP 54.5 9.1 36.4

* Percentage modified C-S20-K12 of the total amount of protein within a sample.
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Preparation of Lipofectamine-mRNA control

Immediately prior to transfection experiments, a positive control was prepared
for the transfection of Cy5-labelled mRNA using Lipofectamine Messenger Max
according to manufacturer’s protocol. In addition, it serves as a negative control
for the AF594 signal since it does not contain any AF594-C-S?;y-K1,. First, a Lipo-
fectamine solution was prepared by diluting 0.3 uL of Lipofectamine in 10 uL of
Optim-MEM medium, and incubated for 10 min at room temperature. Meanwhile,
the Cy5-labeled FLuc mRNA stock solution was diluted 50 times in Opti-MEM
medium to obtain an mRNA concentration of 20 ng/uL. Lipofectamine and mRNA
were then mixed in equal volumes and incubated for 5 min to allow complexes to
form. The final mRNA concentration in the mRNA-Lipofectamine solution was 10
ng/uL.

Atomic force microscopy

After 24 hours of incubation, samples were prepared for AFM imaging and analysed
as described in Chapter 2. Lengths of the VLPs were measured using FiberApp as
also described in Chapter 2, with the exception that particles below 50 nm were
excluded from the calculations of the number and weight averaged lengths.

Cell culture

HeLa and HFL1 cells were maintained in full cell culture medium, composed
of RPMI 1640 medium supplemented with Glutamax I and 10% FCS whereas
HEK293T and SKOV3 cells were maintained in (high glucose) DMEM containing
10% FCS. They were grown at 37°C in a T-75 culture flask in a humidified incuba-
tor with 7.5% CO,. Every two to three days, cells were passaged when a confluency
of ~80% was reached. To passage the cells, 8/10™ of the culture medium was re-
moved and cells were washed with 5 mL of HBS, followed by detachment of the
cells by incubating with 0.05% of trypsin in EDTA for 5 min. Cells were then spun
down at 150 x g for 3 min and the cell pellet was resuspended in 10 mL of full cell
culture medium. At last, /3™ of the resuspended cells was diluted four times in
full cell culture medium and plated in a new T-75 culture flask.

Immunocytochemistry for integrin expression

Integrin expression was evaluated in four different cell lines (HelLa, HEK293T,
HFL1 and SKOV3) by immunocytochemistry. The following mouse monoclonal
IgG antibodies were used to bind to the human av, 1 and 53 integrin subunits:
anti-integrin av (17E6), anti-integrin 51 (4B4) and anti-integrin 83 (Y2/51). For
detection, a goat anti-mouse IgG secondary antibody conjugated to an Alexa Fluor
488 dye was used in combination with flow cytometry. To prepare the cells for
immunocytochemistry, the following protocol was used. First, cells were detached
from culture flasks using 1x phosphate buffered saline pH7.4 (1x PBS) with 5
mM EDTA for 20-30 min. The cell suspension was then neutralised by adding an
equal volume of 1x PBS containing 10% FCS and centrifuged at 300 x g for 5 min.
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The supernatant was discarded and the pelleted cells were resuspended in cold
1x PBS supplemented with 3% BSA to yield a concentration of 1*10° cells/mL.
The resuspended cells were distributed over polypropylene tubes to prepare 50 yL
aliquots. To each aliquot, an equal volume was added of a 20 ug/mL solution of
one of the mouse anti-integrin antibody, and incubated for 60 min at 4°C on a roller
mixer. To remove any unbound antibodies, cells were pelleted for 5 min at 300 x
g, washed 3x with 500 uL of cold 1x PBS with 3% BSA, and pelleted once more at
300 x g for 5 min. The cell pellet was resuspended in 50 uL of 1x PBS with 3% BSA
which was supplemented with a 1:100 dilution of the Alexa Fluor 488-conjugated
goat anti-mouse IgG secondary antibody. Cells were incubated with the secondary
antibody in the dark for 60 min at 4°C on a roller mixer, followed by two rounds
of pelleting the cells at 300 x g for 5 min and washing with cold 1x PBS. The final
pellet was resuspended in 100 uL of cold 1x PBS. Finally, the fluorescence was
measured by flow cytometry using a FACSCalibur (BD Biosciences). Cells were
excited at 488 nm using a 15 mW argon laser, and emitted green fluorescence was
collected by a photomultiplier tube with a 530/30 nm bandpass filter. The data was
then analysed using FlowJo software to determine the relative mean fluorescence
of each sample.

Confocal laser scanning microscopy of labelled mRNA and pro-
teins

One day before the cell entry experiment, 40000 HeLa cells per well were seeded
on 8-well p-slides. They were maintained in full cell culture medium and incu-
bated at 37°C in a humidified incubator with 7.5% CO,. To start the experiment,
cells were washed and incubated in full cell culture medium with naked mRNA,
mRNA-Lipofectamine complexes, or nanoparticles with or without mRNA. For each
condition, 20 uL of the sample with or without 10 ng/uL. mRNA was mixed with
180 pL of full cell culture medium prior to adding it to the cells. Hence, the amount
of mRNA added per well was 0 or 200 ng. After 2 hours, cells were washed and
full cell culture medium without phenol red but supplemented with 20 mM HEPES
was added. Confocal laser scanning microscopy was then performed using a Leica
SP5 microscope equipped with an HCX PL APO 63x N.A. 1.2 water immersion
lens from Leica. During image acquisition, cells were kept at 37°C. Alexa Fluor
594 and Cy5 dyes were excited using HeNe 594 and HeNe 633 lasers respectively.
For Alexa Fluor 594, emission was collected between 620 and 654 nm, and for
Cy5 between 707 and 786 nm. After imaging, fresh full cell culture medium was
added to the cells and cells were kept in culture. After 48 hours, full cell culture
medium without phenol red and with 20 mM HEPES was added to the cells again
and imaging was repeated as described above.

Quantitative analysis of confocal images was conducted with Fiji?®. For each
image, average fluorescence intensities of the Alexa Fluor 594 and Cy5 dyes were
calculated. To do this, images were first smoothed and duplicated. One copy of the
image was turned into a binary mask of pixels above background, with value = 0
for background pixels and value = 1 for any pixel above background (a valid pixel).
Using the option “Image Calculator ” in Fiji, the binary image was multiplied with
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the original image, resulting in a final image that only contains information about
the intensity of valid pixels as the intensity of the background pixels are all set to
zero. Next, the sum of the intensities of all valid pixels was obtained from this final
image, and the total number of valid pixels was obtained from the binary image.
Finally, the average intensity of a dye in an image was calculated by dividing the
sum of the valid pixel intensities by the total number of valid pixels.

Results

Assembly of virus-like particles containing modified C-S?;y-K;,
proteins

First, we describe the chemical modifications of the C-S?;(-K1, proteins that we use
to probe and possibly improve cellular uptake of encapsulated mRNA. The question
that we address here is to what extent these chemical modifications affect the
formation of VLPs. An integrin-binding RGD peptide with the sequence GRGDSPGK
was coupled to the unique N-terminal cysteine of the C-S2;4-K1, protein (for the
amino acid sequence of this protein, see ref'#). Bioconjugation was achieved via
thiol-maleimide coupling, using a maleimide group attached to the lysine of the
peptide. The same coupling chemistry was used to fluorescently label the proteins
via the attachment of a maleimide derivative of Alexa Fluor 594 (AF594).

Reaction products were analysed using size exclusion chromatography (SEC),
SDS-PAGE and MALDI-TOF MS (Figure 5.1). Peaks observed in the MALDI-TOF
MS are presented in Table 5.2 and compared to the expected molecular weights.
MALDI-TOF MS spectra for the unmodified C-S?0-K12 and the RGD-modified C-
SQ0-K15 (Figure 5.1e) demonstrate that conjugation of the RGD peptide was suc-
cessful. SEC and SDS-PAGE for the RGD-modified and unmodified C-S?y-K15
(Figure 5.1a,b) are not significantly different, as expected given the small mass of
the peptide. These results also demonstrate that dialysis has successfully removed
the excess free RGD peptides.

No signal could be obtained for the AF594-modified C-S?9-K1, in MALDI-TOF
MS, but both the SEC and the SDS-PAGE clearly demonstrates that labelling was
successful. However, both the SEC and the SDS-PAGE also demonstrate that, un-
fortunately, despite extensive dialysis of the reaction products, we have not been
able to remove all of the excess AF594 dye.

For AF594-labelling of the VLPs, only a small fraction of the incorporated pro-
teins needs to be labelled in order to obtain a sufficient signal. Therefore, we do not
expect a major influence on protein co-assembly into VLPs. The required amount
of RGD labelling to achieve optimal cell-binding of the VLPs however, is unknown.
For this case we therefore consider the entire range of VLPs composed of 0-100%
RGD-C-524-K12, and study the impact of the RGD modification on co-assembly.
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Figure 5.1 — Chemical modifications of the artificial viral capsid protein C-$%o-
Kj2 and characterisation of the reaction products. a) SEC chromatograms for C-
525-K12 and RGD-C-S%¢-K12. Protein UV absorption signal is measured at 214 nm.
b) SDS-PAGE of C-S%0-K12 (lane 1) and RGD-C-S%10-K12 (lane 2). Marker lane is
labelled M. As explained elsewhere'*?', C-$2-K;» proteins move at anomalously
low mobilities due to low SDS binding of C block. ¢) SEC chromatograms for C-S%;o-
K12 and AF594-C-S%y-K12. Protein UV absorption signal is measured at 214 nm and
AF594 fluorophore UV absorption signal is measured at 588 nm. d) SDS-PAGE of
C-S%0-K12 (lane 1) and AF594-C-S%y-K12 (lane 2). Marker lane is labelled M. Left
gel: unstained and UV illuminated (AF595 signal), right gel: PageBlue-stained and
white light illuminated (protein signal). e) MALDI-TOF MS spectra of C-S%0-K12 and
RGD-C-S%10-K12 .
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Table 5.2 — Molar masses of the conjugated proteins deduced from peak positions
in MALDI-TOF MS spectra of Figure 5.1e.

Expected MW Experimental MW Mass deviation

(Da) (Da) (Da)
C-S2p-K12 44749.25 44778.0 28.8

RGD-C-890-K12 45601.10 45622.4 21.3
AF594-C-SQ10-K12 45658.22 *

* Data could not be determined.

To do so we use pUC18 plasmid DNA as a template, since particle formation
with C-S?y-K1, has previously been especially well characterised for DNA rather
than for mRNA. Mixed RGD-C-5%-K15 / C-S?0-K 12 protein solutions (labelling
percentages of 4.8%, 9.1%, 33.3% and 100%; total protein concentration 1.8 M)
were incubated for 24h in the absence or presence of pUC18 DNA at an N/P ratio
of 7, and the resulting fibril structures were imaged using AFM. From the AFM
images, length distributions of fibrils were obtained. Both the AFM images and
the resulting fibril length distributions are shown in Figure 5.2. Values for the
average fibril length and the spread in the fibril length distributions are presented
in Table 5.3.

For pure RGD-C-5?;p-K15 (i.e. 100% RGD), we find distinctly different self-
assembly behaviour as compared to that reported before for the unmodified pro-
tein C-S?0-K12'. At a concentration of 1.8 uM, the pure RGD-C-S%-K1, only
assemble into fibrils in the presence of the pUC18 DNA (compare the AFM im-
ages in Figure 5.2a and b). The length of these fibrils is approximately 120 nm
(Table 5.3), which is much shorter than expected: from previous work we know the
unmodified C-S?-K1, condenses dsDNA a factor of ~3 in length such that VLPs
with a length of about 300 nm would have been expected'*. Higher resolution
AFM images (Figure 5.2b, right image) reveal details that point to explanations
for the unexpectedly short VLPs. It appears that not all DNA is encapsulated into
fibrils. Non-encapsulated DNA can be seen to connect and/or interrupt fibrils. This
suggests that for some reason the labelling with the RGD peptide prevents fibril
formation to go to completion. Alternatively, the RGD labelling may give rise to a
much higher nucleation frequency with multiple nuclei arising even on relatively
short templates such as the pUC18 DNA.

Next we investigated whether the expected VLP assembly behaviour is restored
at lower fractions of RGD-labelled protein (Figure 5.2c-e). This does indeed seem
to be the case, with mixtures of 33.3% of RGD-labelled proteins already giving
VLP fibril length distributions that peak at a much larger value of 230 nm (also
see Table 5.3), and AFM images showing uninterrupted straight fibrils. Values of
VLP lengths around 230 nm are still somewhat smaller than the calculated 300 nm
assuming a packing factor ~3. This may be due to the circularly supercoiled nature
of the pUC18 plasmid DNA we use here as compared to the linear DNA used in
previous experiments.
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Figure 5.2 — Assembly of VLPs with varying fractions of RGD-labelled C-5%10-K12
and pUC18 plasmid DNA at N/P = 7. AFM images and fibril length distributions
derived from them (weight fraction of protein incorporated into fibrils versus fibril
length). a) pure RGD-C-5%-K12, no DNA. b) pure (100%) RGD-C-5%-K12, with
DNA. Right panel is high resolution zoom, part of which is still further magnified
digitally (below) to highlight non-encapsulated DNA. ¢) 33.3% RGD-C-S%,0-K12, d)
9.1% RGD-C-S%10-K12. €) 4.8% RGD-C-S%10-K1.
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Table 5.3 — Weight averaged lengths of fibrils formed by mixed RGD-C-5%;0-K12/C-
$?0-K12protein solutions (total protein concentration is 1.8 ;M) incubated for
24h in the absence or presence of pUC18 DNA at an N/P ratio of 7.

N <L>, (nm) o (nm) **

100% RGD 340 39 7

100% RGD + DNA* 326 121 40
33.3% RGD + DNA * 184 228 72
9.1% RGD + DNA * 207 224 48
4.8% RGD + DNA * 110 226 61

* Particles smaller than 50nm were excluded. ** The standard deviation o is calculated
over the length of all particles in each condition and is a measure for the width of the
fibril length distribution.

Having concluded that RGD-modified C-S?y-K1, proteins form VLPs as expected,
provided that the degree of labelling with RGD peptides is not too large, we con-
tinue by assembling VLPs with mRNA to be used for the cell entry experiments.
Successful encapsulation and protection of mRNA by the C-S?;-K1, proteins was
shown previously!'®>. Here we check whether at the labelling conditions used for
the cell entry experiments the VLPs have indeed assembled as expected.

VLPs were formed at an N/P ratio of 6, using 10 ng/uL. mRNA. Table 5.1
summarises the composition of the different VLPs that were formed. Degrees of la-
belling with RGD peptides used were 0% (VLP), 9.1% RGD-labelled protein (RGD-
VLP), and 54.5% RGD-labelled protein (6xRGD-VLP). Samples were prepared both
with (+) and without (-) mRNA. The degree of protein labelling with the Alexa
Fluor 594 dye (AF594), was always 9.1%. Finally, the mRNA that was used was
a 1921nt-long luciferase reporter mRNA, fluorescently labelled with Cyanine 5
(Cy5).

AFM imaging confirms that VLPs form properly for all the conditions we intend
to use in the VLP uptake experiments. As all conditions (VLP, RGD-VLP and 6xRGD-
VLP) show similar results, Figure 5.3 only shows the data for RGD-VLP(-) and
RGD-VLP(+). Data for the other conditions can be found in the Appendix, and is
summarised in Table 5.4.

In the absence of mRNA (RGD-VLP(-), Figure 5.3a; VLP(-) and 6xRGD-VLP(-),
Figure A5.1a,c in the Appendix), at a protein concentration of 14.14 uM, the pro-
teins do not form fibrils: only small and mostly globular aggregates are observed.
At the same protein concentrations but in presence of the mRNA, we observe short
fibrils (RGD-VLP(+), Figure 5.3b; VLP(+) and 6xRGD-VLP(+), Figure A5.1b,d in
the Appendix). Higher resolution images of mRNA-containing VLPs show that in
addition to a majority of straight rod-shaped VLPs, there are also occasional thinner
branched structures (see white arrowhead in Figure 5.3b), presumably indicating
a small fraction of non-encapsulated mRNA.

The lengths and heights of all particles were measured from the AFM images
to obtain histograms of the weight fraction of protein incorporated into fibrils at a
given length and height. These are shown in Figures 5.3c,d and in Figure A5.1e-h
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in the Appendix.
The length distributions of the mRNA VLPs show a clear peak for lengths of 76-

100 nm (Figure 5.3c, bottom panel) on top of the length distribution expected for
proteins only (Figure 5.3c, top panel). This background distribution of protein-only
fibrils is expected, since we use a 6-fold excess of protein with respect to mRNA.
Average lengths for the whole distribution are reported in Table 5.4. Since most
fibrils do not contain mRNA and are much shorter than the mRNA-containing fibrils,
the peak location is in fact a better estimator for the length of mRNA-containing
VLPs than the overall averages reported in Table 5.4.
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Figure 5.3 — AFM imaging of mRNA-VLPs used to study cellular uptake. a) RGD-
VLP(-): 9.1% RGD-C-S%0-K12 + 9.1% AF594-C-S%¢-K12 + 81.8% C-S%9-K12. b)
RGD-VLP(+): 9.1% RGD-C-S%9-K12 + 9.1% AF594-C-S%,0-K12 + 81.8% C-5%0-K12 +
mRNA (N/P6). c) Length distribution of fibrils (weight fraction of protein incorporated
in fibrils of a given length) in a) and b). d) Height distribution of fibrils (number
fraction of fibrils with a given length) in a) and b).



Chapter 5

Table 5.4 — Weight averaged lengths <L>,, and number averaged heights <H>,
of protein and protein-mRNA fibrils.

N <L>, (mm) o (mm)* <H>,(nm) o (nm)*
VLP(-) 2042 35 12 2.78 0.72
VLP(+) 3667 71 33 3.11 0.70
RGD-VLP(-) 1569 29 9 2.73 0.77
RGD-VLP(+) 3421 69 32 2.95 0.76
6xRGD-VLP(-) 1402 31 11 2.26 0.77
6xRGD-VLP(+) 2189 69 32 2.66 0.81

* The standard deviation o is calculated over the length or height of all particles in
each condition and is a measure for the spread in the fibril length/height distributions.

The mRNA has a length of 1921nt such that its contour length should be around
650 nm (assuming a contour length of 0.34 nm per nt). Previously it was estab-
lished that for double-stranded linear DNA the VLP length was approximately 1,/3"
of the DNA contour length, whereas for single-stranded linear DNA it was about
1/6™ of the contour length'#. Assuming the same packing factor of 6 for the single-
stranded mRNA, we would expect VLP lengths of ~100 nm, in agreement with the
peak at 76-100 nm in the length distribution for the mRNA VLPs. This argues for
encapsulation of a single mRNA molecule in each VLP, which is different from the
earlier study on mRNA VLPs which used a shorter mRNA of 996nt, and for which
it was found that most likely multiple mRNAs were encapsulated in a single VLP'®.

We have also measured height distributions for the fibrils and established that
the average fibril height is significantly higher in presence of mRNA (Table 5.4),
which is another indication for mRNA encapsulation.

Uptake of mRNA-VLPs by HelLa cells

RGD peptides are known to bind to integrins expressed on the cell membrane of
many cell types??23. The RGD peptide used here (GRGDSPGK) is expected to have
affinity for 551 integrins (composed of the a-subunit o5 and S-subunit 81) and
to a lesser extent for av33 and olIb33 integrins'®. Immunocytochemistry was used
to quantify av, 81 and /33 subunit expression for a set of model human cells lines:
HEK293T (embryonic kidney), HeLa (cervical cancer), HFL1 (lung fibroblast) and
SKOV3 (ovarian cancer). Results are shown in Figure 5.4. All cell lines express a
significant amount of the integrin $1 subunit, so that we assume that they then
also express the o531 integrins that most strongly bind to our RGD peptides. Since
HelLa cells are widely used in transfection experiments and as they were also used
in a previous study by us, HeLa cells were here chosen to study entry and uptake
of the mRNA VLPs.

HelLa cells were incubated with the mRNA VLPs and various control samples
(i.e. naked mRNA and Lipofectamine-mRNA complexes). After 2 h of incubation,
cells were washed to remove any unbound VLPs, and incubated again for another
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Figure 5.4 - Integrin expression in various cell lines. Immunocytochemistry to
quantify the expression of integrin subunits av, 51 and 83 for four human cell lines:
HEK293T, HeLa, SKOV3 and HFL1. Primary antibodies are anti-integrin av (17E6),
anti-integrin $1 (4B4) and anti-integrin 83 (Y2/51). For detection with flow cytometry,
a goat anti-mouse IgG secondary antibody conjugated to an Alexa Fluor 488 dye was
used. The negative control is indicated with “-”, where cells were only incubated with
the secondary antibody without prior incubation with a primary antibody. All values
are relative to untreated cells for which the mean fluorescence was set to 1.

2 h. Confocal microscopy was used to visualise cellular uptake by imaging ei-
ther the AF594 dyes on the proteins or the Cy5 dyes on the mRNA (Figure 5.5).
Lipofectamine-mRNA complexes were used as a negative control for the AF594
signal, and at the same time as a positive control for the Cy5 signal. We find that
for the mRNA-containing VLPs, both the AF594 and Cy5 signal is mostly concen-
trated in vesicle-like structures, presumably endosomes (Figure 5.5, VLP(+), RGD-
VLP(+) and 6xRGD-VLP(+); also see Figure 5.6 for enlarged images of 6xRGD-
VLP(+)). In addition, we find a weak and non-homogeneous signal for both dyes
throughout the cells, which likely indicates that VLPs and protein-only fibrils have
adhered to the cell membranes but did not get internalised yet. It should be re-
minded that part of the AF594 signal may also be due to the fraction of free dye.

Nevertheless, we do also observe vesicle-like structures inside the cells for
all VLP conditions, indicating that at least some VLPs were internalised via an
endocytic pathway. For the VLP and RGD-VLP conditions, the number of vesicle-
like structures seems similar. For the 6xRGD-VLPs their number appears to be
larger, although this has not yet been confirmed quantitatively. A higher number
of vesicles could possibly indicate that for that case, the larger number of RGD
peptides on the surface of the VLPs has promoted cell entry via endocytosis.

Finally, for all conditions we find large structures with very high AF594
(protein) signals. These appear to be structures that reside outside the cells. They
might be large aggregates of mRNA VLPs and protein-only fibrils, possibly formed
during incubation of the samples with the cells.
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Cy5 (mRNA) channel

Bright-field AF594 (protein) channel

Lipofectamine Naked mRNA

VLP(-)

Figure 5.5 — VLP uptake by HeLa cells. Hel.a cells were incubated for 2h with the
indicated condition. Next, cell were washed and incubated for another 2h, so that
confocal images were taken 4h post-transfection. Left column is bright-field image,
middle column is the AF595 (protein) signal, right column is the Cy5 (mRNA) signal.
Scale bar is 50 ym and is the same for all images. This figure continues on the right

page.
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AF594 (protein) channel Cy5 (mRNA) channel

Figure 5.6 — 6xRGD-VLP(+) uptake by HeLa cells. Confocal images of 6xRGD-
VLP(+) (identical to the images in Figure 5.5) are enlarged in order to better observe
the presumed endosomes. Scale bar is 50 ym and is the same for all images.

Quantification of time-dependent VLP uptake and transfection

Average fluorescence intensities of the AF594 and Cy5 dyes were calculated for
confocal fluorescence images of the Hela cells 4h and 48h after the start of trans-
fection, only excluding the large structures with very high AF594 signal which
presumably are aggregates located on the outside of the cells. Results are shown
in Figure 5.7.

First, we focus on the 4h time-point for which the fluorescent signals purely
represent cell binding and uptake of the particles and are not yet affected by degra-
dation. Results for the AF594 (protein) signal (Figure 5.7a) are in agreement with
our visual observation that high degrees of RGD-labelling lead to higher uptake of
both the mRNA VLPs and the short protein-only fibrils, but the effect is not very
strong. Surprisingly, we do not see a similar trend for the Cy5 (mRNA) signal for
which the signals are approximately equal between the mRNA-containing VLPs at
all labelling degrees (Figure 5.7b). We however note that for the Lipofectamine-
mRNA control the signal is unexpectedly low, and on the other hand, some of the
mRNA(-) samples have an unexpectedly high Cy5 signal. Possibly, bleed-through
from the AF594 dye to the Cy5 channel occurred so that we unfortunately cannot
draw any significant conclusions from the Cy5 data.

Returning to the AF594 data, we now focus on the 48h time-point (Figure 5.7a,
right graph). A sustained fluorescent signal is observed for the mRNA VLPs and
protein-only fibrils with the highest degree of RGD-labelling (6xRGD-VLP(+) and
(-)), but not with the lower degrees of labelling (VLP and RGD-VLP conditions).
Upon endosomal uptake it may be expected that mRNA VLPs and protein-only
fibrils are digested within 48h, thus leading to reduced AF594 (protein) signals.
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The sustained signal for the 6xRGD-VLP conditions however, suggests that these
particles were not degraded. As we do not expect particles with higher amounts
of RGD-labelling to be more stable from degradation, a possible explanation could
be that a significant amount of mRNA VLPs and protein-only fibrils is in not (yet)
internalised and instead is still bound to the cell membrane.
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Figure 5.7 — Quantification of VLP uptake. Relative mean (fluorescence) intensities
of the AF594 (protein) signal and the Cy5 (mRNA) signal, 4h (left graphs) and 48h
(right graphs) post-transfection. Samples are indicated in the figures, with UT = un-
treated cells, “naked” = negative control with naked mRNA, “Lipo” = control with
Lipofectamine-mRNA complexes, VLP/RGD-VLP/6xRGD-VLP = the samples, and “-”
and “+” indicating the absence or presence of mRNA. a) AF594 protein signal, b) Cy5
mRNA signal. Fluorescence intensities are relative to those of the untreated cells (UT)
for which the value is set to 1.

Finally, previously we have shown!> that with HEK293T cells, mRNA VLPs without
RGD labelling resulted in only a small degree of transfection (as reflected in the
expression of a reporter gene), prompting us to investigate here whether this might
be caused by a bottleneck in the cellular uptake of the VLPs. The mRNA used in
the present study also encodes for a reporter gene, viz. firefly luciferase (FLuc). To
establish whether mRNA VLPs with or without RGD labelling lead to transfection
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of HeLa cells, we therefore finally carried out a luciferase assay at days 2 to 5
after transfection. Whereas the Lipofectamine-mRNA positive control showed the
expected strong luminescence signal, none of the mRNA VLPs led to a luminescence
signal much stronger than the background.

Discussion

We have here equipped the C block of the C-S?o-K15 protein with an integrin-
binding RGD peptide via its unique C-terminal cysteine. Although uptake did seem
to increase with increasing labelling degrees of the proteins with the RGD peptide,
the effect was not very large (Figures 5.5 and 5.7). Possibly, the large amorphous
C block partly shields the peptide from binding to integrins on the cell membrane,
as suggested in another study where these peptides were connected to long flexible
linkers®*. The same study concludes that long, stiff linkers result in improved
binding of the RGD peptides to integrins. Therefore, in further work it might be
advantageous to project the RGD peptide further outwards of the corona around
the VLPs, for example by attaching it onto a long and stiff linker.

Most nano-sized delivery vehicles are internalised via endosomes, and our
mRNA VLPs appear to be no exception. Although both the AF594-labelled proteins
and the Cy5-labelled mRNA appear to be internalised in vesicle-like structures that
are presumably endosomes, no expression was observed in a luciferase assay for
the HelLa cells. Based on our results we have no reason to believe that this is due
to poor uptake, but co-localisation studies with for example endosomal markers
may provide some further insights in the entry pathway.

Poor endosomal escape is a frequently observed bottleneck for non-viral vec-
tors, and this may also be the case for the VLPs. Presumably, the absence of
luciferase expression was not the result of mRNA degradation, since previous work
has shown that DNA and RNA templates are quite well protected from nuclease
activity when having been encapsulated by the C-S?o-K15 proteins'#'°. This thus
further increases the probability that poor endosomal escape is the bottleneck for
our VLPs.

Various strategies have been proposed for enhancing endosomal escape of
non-viral vectors and other nanomedicines?>~?7, which might also be applied to
the mRNA VLPs. For example, the C-S?;o-K15 proteins could be modified by
(genetically) attaching peptides that disrupt the endosomal membrane upon acid-
ification?®. Furthermore, as opposed to silk domains containing glutamines as
turn residues (S2 = GAGAGAGQ), we might employ silks with histidines as turn
residues (S” = GAGAGAGH). At the low pH values occurring in the endosomes,
this might promote both disassembly of the VLPs and give rise to the so-called
proton sponge effect?®3°, both of which might promote the escape of intact mRNA
to the cytoplasm as required for successful transfection. Indeed, before it has been
shown that triblock polypeptides containing S domains are soluble at low pH and
self-assemble into fibrils at neutral pH3!-33,

Besides the potential design modification that we could make to improve trans-
fection efficiency of the C-S?;¢-K15 VLPs, we should also address some experimental
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issues in future experiments, in particular the presence of free (uncoupled) AF594
dye and the high amount of protein-only fibrils. Both may result in false-positive
observations for the entry of mRNA-containing VLPs into cells and should there-
fore be removed prior to the transfection experiments, e.g. by using size-exclusion
chromatography.

A final reason for not yet giving up on the possibility to develop the artificial
viral capsid proteins as delivery vehicles is that it is one of the few systems that
have a precisely controlled rod-shaped nanoarchitecture. Large differences exist
between delivery in vivo, and in vitro in 2D cell cultures. Recently it was shown that
a key property influencing the ability of nanomedicines to penetrate deeply into
three dimensional tissue#3> is the shape of the nanoparticles, with rod-shaped
particles penetrating deeper into tissues than spherical particles®®37.
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Figure A5.1 — Additional AFM imaging of mRNA VLPs used to study cellular up-
take. a) VLP(-): 9.1% AF594-C-5%10-K12 + 90.9% C-S%10-K12. b) VLP(+): 9.1% AF594-
C-S%0-K12 + 90.9% C-S%0-K12 + mRNA (N/P6). ¢) 6xRGD-VLP(-): 54.6% RGD-C-
S%0-K12 + 9.1% AF594-C-S%10-K12 + 36.3% C-S%10-K12. d) 6xRGD-VLP(+): 54.6%
RGD-C-S%0-K12 + 9.1% AF594-C-S%0-K12 + 36.3% C-S%10-K12 + mRNA (N/P6). €)
Fibril length distribution (weight fraction of protein incorporated in fibrils of a given
length) for particles in a) and b). f) Height distribution (number fraction of fibrils with
a given height) for particles in a) and b). g) Fibril length distribution (weight fraction
of protein incorporated in fibrils of a given length) for particles in ¢) and d). h) Height
distribution (number fraction of fibrils with a given height) for particles in c¢) and d).
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Chapter 6

Synthetic viruses, i.e. nanoparticles that mimic natural viruses in key properties
such as protection and delivery of cargo molecules, are promising nano-containers
and nano-delivery devices for a variety of applications since they are easier to
produce and are associated with fewer safety risks than natural viruses!~*. Protein-
based synthetic viruses have the additional attractive features that they might
be biodegradable and that their protein components can be precisely genetically
engineered>®.

Controlled assembly of protein-based block copoly-
mers

As discussed in the General Introduction of this thesis, for co-assembly with a tem-
plate such as DNA or RNA, a protein-based block copolymer requires a binding
block for interactions with the template, a crystallisable block for assembly into fib-
rils, and an amorphous block for ensuring solubility of the fully assembled virus-like
particles (VLPs). The previously published artificial viral capsid protein C-S%0-K12
comprises a collagen-inspired amorphous block (C), a silk-inspired crystallisable
block (S214) and an oligolysine for electrostatic-induced template binding (K12)7.
In this thesis, we successfully substituted the collagen-inspired block for an amor-
phous elastin-inspired block (E) and studied the physical rules for the design of
such a protein-based triblock copolymer in more detail by studying ES,,-S¢, and
ES,,-S2,-B proteins, where m and n indicate the number of repeats of the elastin-
inspired and silk-inspired sequences respectively and B is the template-binding
block.

Additional design rules concerning protein self-assembly

From our studies on the E%,,-S?, and E°,-S%,-B proteins, we can extract some
additional design rules for artificial viral capsid proteins with a triblock structure:

(1) The length ratio of the crystallisable to amorphous blocks should be very
precisely optimised to allow for optimal co-assembly behaviour. As shown
in Chapter 2, the optimal silk-like block length appears to be one just larger
than the minimal length that allows for silk-like block crystallisation: only
in this case the amorphous block length can be increased to oppose fibril
formation in the absence of templates.

(2) As shown in Chapter 3, self-assembly of the artificial viral capsid proteins is
rather sensitive to the chemical details of the amorphous block, in particular
to their hydrophilicity. Increasing hydrophilicity of the amorphous block
counteracts self-assembly of the crystallisable block and hence is another
handle that can be used to oppose fibril formation in the absence of templates.
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Recently, a similar self-assembly behaviour was observed for diblock copolymers
of hydrophobic resilin-like polypeptides (RLP) and hydrophilic ELPs, where longer
hydrophobic RLP blocks promote and longer hydrophilic ELP blocks reduce self-
assembly into fibrils (such as described in design rule (1))8. In this case, the
hydrophobic sequences likely act similar to the crystallisable block in our artificial
viral capsid proteins while the hydrophilic sequences act similar to the amorphous
block. Additionally, the same study also shows that further increasing hydrophilic-
ity of the “amorphous” ELP block opposes self-assembly into fibrils, which is in
agreement with design rule (2). Above mentioned design rules (1) and (2) are
thus not unique to our artificial viral capsid proteins and hence should also be
considered when designing other self-assembling protein-based block copolymers
composed of both hydrophobic and hydrophilic sequence blocks.

Design recommendations for co-assembly of the artificial viral
capsid proteins: increasing length of amorphous ES,, block

If template-induced assembly is the aim, as is the case for the artificial viral capsid
proteins presented here, it is essential to prevent the non-template-induced self-
assembly of the proteins into fibrils that do not contain any template. To achieve
this, according to above mentioned design rules (1) and (2), the crystallisible silk
block length should be kept as short as possible (Chapter 2) and for the amorphous
block its length (Chapter 2) and hydrophilicity (Chapter 3) should be increased
enough to reduce the self-assembly behaviour of the silk block while retaining its
co-assembly behaviour.

The C-S?1-K 1, artificial viral capsid proteins were shown to co-assemble with
polyanionic templates into rod-shaped virus-like particles (VLPs) that are uniform
in length, while assembled structures are completely absent without such tem-
plates”-?. The length of crystallisable silk block and the length and hydrophilicity
of the amorphous collagen-like block thus seem to be quite optimal for the pur-
pose of co-assembly. The design of the ESgy-S?14-K 1, artificial viral capsid proteins,
which is identical to C-S?y-K;, except for the amorphous block, does not seem to
be completely optimal yet (Chapter 3). These proteins assemble into rod-shaped
particles even in the absence of polyanionic templates, indicating that the non-
template induced self-assembly is too strong and should be reduced. While the
length of the amorphous block is similar to that of the collagen-like block in C-
5210-K12, the ESgy block is much less hydrophilic and therefore likely less efficient
in reducing the self-assembly behaviour of the ESg-S?10-K1o proteins. To remedy
this, we could apply the above mentioned design rules and increase either the
length or the hydrophilicity of the amorphous elastin-like block. As discussed in
Chapter 3, hydrophilicity of the elastin-like block cannot be increased to levels
similar to that of the collagen-inspired block, but increasing the number of repeats
m of the E,, block is quite straightforward using the PRe-RDL cloning technique!°
used in this thesis. Initial work to produce these proteins was carried out recently
(ES100-S%10-K12 and ES159-S?9-K12; also see the Appendix), but we were not able
yet to characterise their self- and co-assembly behaviour. Completely replacing
the elastin-like block for another hydrophilic amorphous block would also be an
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interesting strategy. It will, however, be more difficult to determine whether ob-
served differences between the assembly behaviour of E%g)-S?-K12 and such a
new version of the protein is the result of e.g. increased hydrophilicity or due to a
change in yet other chemical details of this new amorphous block.

Design recommendations for co-assembly of the artificial viral
capsid proteins: sequence-specific template binding

Natural viruses are capable of specifically encapsulating their own genomic nucleic
acids within the complex environment of host cells. They do this via the recogni-
tion of packaging signals in their genomes!!"!3. In contrast, our initial artificial
viral capsid proteins bind electrostatically to polyanionic templates via the Ki,
binding block, and hence encapsulate nucleic acids non-specifically’. By choos-
ing a binding block that specifically binds to a certain sequence, we can use this
sequence as a packaging signal, potentially allowing for the specific packaging of
templates containing one or more of these packaging signals (Chapter 4). In an at-
tempt to develop such better mimics of natural viruses, we designed an ESg;-S?;,-B
protein with a binding block B based on the GAGA factor zinc finger found in D.
melanogaster. Although here we have not yet been able to show the specific encap-
sulation of DNA harbouring a packaging signal due to various technical problems,
we have no doubts about the eventual feasibility of this goal. Indeed, applying
this same strategy of a sequence-specific binding module and using the recognition
sequence as an artificial packaging signal, has allowed for the sequence-specific
encapsulation of mRNA molecules in a non-viral protein capsid!#.

Packaging of the nucleic acid template

In the General Introduction we discussed how the artificial viral capsid proteins
self-assemble into fibrils and what these fibrils look like at a molecular level
(Figure 1.3b in the General Introduction). We did however not discuss the folding
of the nucleic acid template within the rod-shaped VLPs. Unfortunately, as of yet,
this is still an outstanding issue. Possibly, during encapsulation, the DNA forms a
(super)helix around the core of the VLPs that is formed by the silk-inspired blocks
(Figure 6.1). How could such a hypothesis be tested?

A first option would be to use FRET (fluorescence resonance energy trans-
fer'®, using DNA strands labelled with pairs of fluorophores at well-chosen dis-
tances. If these pairs come close to each other during DNA encapsulation and
condensation, they will give a FRET signal. Alternatively, using single-molecule
force-spectroscopy'® 17, the kinetics of encapsulation of a single DNA chain may
be probed in great detail and this may also provide clues on how the DNA is con-
densed and packed inside the artificial virus capsids. Both types of experiments
are currently being done in labs of our collaborators. High resolution cryo-electron
microscopy, solid-state NMR (nuclear magnetic resonance) or X-ray scattering may
yield further clues such that eventually we may know how the DNA is packed inside
the VLPs.
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Figure 6.1 — Hypothetical appearance of a nucleic acid template encapsulated by
the artificial viral capsid proteins. The exact folding of a nucleic acid template upon
encapsulation in a VLP formed by the artificial viral capsid proteins is yet unknown.
As depicted here, a possible conformation could be that of a (super)helix (nucleic
acid template in black) around the rod-shaped silk-like core (in purple) of the VLPs.
The template is thereby protected from degradation by nucleases due to the shielding
effect of the collagen- or elastin-like blocks that form a corona (in green) around the
silk-like/nucleic acid core of the VLPs.

Cellular delivery of nucleic acid molecules by protein
block copolymers

VLPs based on our C-S?¢-K 7, artificial viral capsid protein that encapsulate mRNA,
show limited transfection efficiency'®. Indeed, many biological barriers exist that
each need to be overcome to allow for successful translation of the encapsulated
genes into protein products’? (also see the General Introduction of this thesis).

Design recommendations to improve cell entry

Ignoring for the moment the problem of targeted delivery at the organism-level,
and focusing on uptake of the VLPs by cells, the first barrier is the cell membrane.
Crossing this membrane, usually via an active cellular uptake process, is a first key
step for successful delivery and transfection. For many nanomedicines this is found
to require their conjugation to receptor-binding or cell-penetrating peptides!®-2!.
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In Chapter 5, we focused on this first step. An integrin-binding RGD peptide
was conjugated to the amorphous C blocks that are forming a corona around the
VLP core consisting of the silk-inspired blocks, the oligolysine blocks and the nu-
cleic acid template. We found only a weak effect of this conjugation on cell entry
and hypothesised that the receptor-binding peptide may have been shielded from
binding to the receptors by the long flexible, amorphous C blocks. Such a shield-
ing effect should be considered as a general issue when presenting cell-binding
or cell-penetrating peptides on the surface of synthetic virus particles. Indeed,
similar observations have also been discussed in literature for the attachment of
RGD peptides to gold nanoparticles using long, flexible PEG linkers?2. Long and
stiff linkers, on the other hand, improved binding, likely due to projecting the
peptide further away from the surface®?. In the same way, for our VLPs it may be
advisable to include long and stiff linkers when attaching cell-binding peptides to
the amorphous block, such that the peptides are projected away from the shielding
effect of this block.

Many lipid- and polymer-based synthetic viruses with good transfection efficien-
cies, also present positive charges on their surface. These are thought to facilitate
binding to the negatively charged membranes of cells via non-specific electrostatic
interactions. The surface of C-S?y-K1, VLPs is formed by the collagen-inspired C
blocks. These have a low net negative charge at physiological conditions’, as the
sequence of the C block contains more negatively charged glutamic acid residues
(viz. 16) than positively charged lysines (viz. 12). This weak negative charge may
be unfavourable for cell binding and hence transfection. Therefore, it would also
be interesting to study cell binding and entry of ES,,-S?y-K1, VLPs, since these
do not carry such a negative surface charge but instead have uncharged elastin-
inspired amorphous blocks on their surface. Alternatively, artificial viral capsid
proteins could even be designed with elastin-like amorphous blocks that possess a
small net positive charge.

Design recommendations to improve endosomal escape

Often synthetic virus particles enter cells via so-called endosomes, membrane
bound compartments that are actively internalised by eukaryotic cells. For the
delivery of nucleic acids to the cytoplasm it is crucial to escape from such endo-
somes in time, since in principle they are on a pathway that ultimately leads to
the breakdown of their contents. If the synthetic virus particles have successfully
escaped from the endosomes into the cytoplasm, a next step is the release of the
nucleic acids from the artificial viral capsids®'2. In Chapter 5 (Figure 5.5 and 5.6),
we obtained microscopic indications that, like most nanoparticles, mRNA contain-
ing C-S?0-K12 VLPs do indeed enter via endosomes. We, however, did not observe
any gene expression (as measured with a luciferase assay), indicating that the VLPs
failed to escape from the endosomes or otherwise did not release intact mRNA into
the cytoplasm.

In order to improve the design of the artificial viral capsid proteins with respect
to transfection, it will be important to obtain more detailed information on the
uptake and processing of the VLPs by the cells. For example, it would be interesting
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to perform co-localisation studies by not only using fluorescently labelled proteins
and mRNA, but also fluorescent markers for subcellular compartments such as
endosomes, and test the effects of various inhibitors for specific steps during cell
entry. This way, it should be possible to more precisely identify the main bottlenecks
to transfection by our artificial viral particles.

Upon identification of the bottlenecks, precise adjustments can be made to the
design of the artificial viral capsid proteins. Endosomal escape, for example, could
be triggered by attaching peptides such as GALA to the surface of the VLPs that
disrupt the endosomal membrane upon acidification?®. Similar to presenting the
RGD cell-binding peptide on the VLP surface, the endosomal escape peptides likely
have to be placed on top of stiff linkers prior to attachment to the amorphous C
block. Attachment can be done via bioconjugation, as for the RGD peptides in
Chapter 5, or via genetic engineering.

A strategy that may possibly promote both endosomal escape of the VLPs and
the release of the mRNA from the VLPs is to design artificial viral capsid proteins
with a pH-responsive silk-inspired block S, = (GAGAGAGH),.. Upon decreasing
the pH, the histidine residues within this silk-like motif become protonated. The
liberation of these protons may result in disruption of the endosome through the
so-called proton sponge effect, as was also suggested for PEI-based particles?+2°.
In addition, for triblock proteins containing an S block it has been shown that
these are soluble at low pH and self-assemble into fibrils only at physiological
pH?7-28_ If this SH,, block is used as the midbock in our artificial viral capsid protein,
acidification in the endosome may thus also promote the disassembly of the VLPs
and consequently the release of the mRNA. While we have already designed and
genetically engineered a set of ESgy-S',-K15 proteins (n = 10, 16, 20 or 24; see the
Appendix) that could be used to study these effects, these proteins have not yet
been produced and characterised.

Applications for the artificial viral capsid proteins

Advantages of the artificial viral capsid proteins

As compared to other synthetic viruses intended for the delivery of nucleic acids (or
other cargo) into cells, we believe that synthetic virus particles based on proteins
have a number of important advantages (also discussed in the introduction of this
thesis) such as their biodegradability, and the possibility to precisely genetically
engineering them®®2°. In addition, the specific triblock design of the artificial
viral capsid proteins discussed in this thesis may also have advantages over other
protein-based synthetic virus particles.

Firstly, they are highly modular with respect to their design: each physical
“function” is carried out by a unique block within the protein”-3? and is largely inde-
pendent from the actions of the other blocks. Consequently, the functionalities of
the protein can be adapted relatively easily depending on the intended application,
for example by replacing individual protein blocks for other ones or by the fusion of
additional functional blocks. Indeed, in Chapter 3 of this thesis it was shown that
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replacing the amorphous collagen-inspired C block by an amorphous elastin-like
ES,, block preserves the co-assembly behaviour of the protein with nucleic acid
templates, although the lower hydrophilicity of the ES,, does lead to some changes
in the assembly of the protein in the absence of a template. In a similar way, one
could replace the amorphous block by yet another type of block, for example, one
exhibiting an additional property, e.g. a thermal transition (either LCST or UCST),
or a reduced immunogenicity.

Fusion with a domain that adds an extra functionality was demonstrated in
Chapter 5 of this thesis, where we attached an RGD integrin-binding peptide to the
amorphous block of the protein. Although we used bioconjugation in that chapter,
it should also be possible to fuse the extra domain to the amorphous block via
genetic engineering. In a similar way, many other types of blocks could be fused to
the amorphous block in order to impart additional functionalities to the VLPs, for
example receptor-binding domains that are much more cell-type specific than the
integrin binding RGD peptides®!.

The data in this thesis, in addition, shows that versions of the artificial viral
capsid proteins can be produced in different expression hosts. The new version of
the protein (ESgy-S?10-K12) is produced in the bacterium E. coli, in contrast to the
original C-S?y-K; protein that is produced in the yeast P. pastoris’. The flexibility
to produce this protein in a variety of expression hosts is an important feature
as every host has its own advantages and disadvantages with respect to protein
production at different scales and for different purposes®2. Bacteria, for example,
are highly suitable for the fast and easy production of proteins used in laboratory
experiments. Production in yeast and insect cells, on the other hand, can be scaled-
up more easily and in addition may support post-translational modifications that
are required for the proper folding of some proteins. Flexibility regarding the
production host thus facilitates the development of a synthetic virus into a tool
that can be used in a variety of applications and eases the transition to large-scale
production.

A unique feature of the present VLPs is that they are rod-shaped, while most
other synthetic viruses have spherical shapes. The shape of nanoparticles has
recently been shown to have a significant impact on its penetration into 3D tissues,
with rod-shaped particles being able to travel further into the tissues than spherical
particles®®34. The development of rod-shaped or filamentous synthetic viruses
may therefore be crucial to eventually obtain synthetic virus particles that not only
transfect cells, but also effectively penetrate tissues.

More than in other synthetic virus particle systems, assembly of the particles in
our case is strongly dependent on the presence of a template. If the amorphous and
crystallisable blocks are properly tuned, essentially no self-assembly occurs at pro-
tein concentrations below a precisely determined critical value’. We believe that
template-induced assembly occurs due to binding of the artificial viral capsid pro-
teins to the template, so that the local protein concentration at some stage exceeds
this critical concentration for self-assembly, even though the protein concentration
in the bulk solution is still very low. Such a template-controlled assembly should
allow for the production of pure batches with only template-carrying VLPs.
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Model system to study assembly and disassembly of natural
virus particles

The modular and simple design of the artificial viral capsid proteins facilitates their
use in a broad range of applications. First of all, they are a useful model system
for the (in vitro) assembly and disassembly of capsids composed of natural viral
proteins. The original design already reveals three elementary physical properties
of viral capsid proteins: nucleic acid binding, self-assembly and colloidal stability”.
In this thesis, we describe initial steps to allow for the preferential encapsulation
of nucleic acids harbouring specific sequences (packaging signals), such as seen
in many natural viruses (Chapter 4). As assembly of our artificial viral particles
is highly template-induced, we believe that such specificity for a packaging sig-
nal would result in the encapsulation of only the specific template while leaving
non-specific templates unpacked. This is in contrast with the recently published
synthetic virus particles encapsulating their own genomes'#3° for which the cap-
sids still package significant amounts of other (cellular) nucleic acids. Further
development of the artificial viral capsid proteins, discussed in this thesis, into
capsid proteins that encapsulate their own genome inside a model bacterium such
as E. coli, may ultimately lead to a self-replicating artificial virus that could serve
as a model system to study even more aspects of natural viruses.

The de novo or bottom-up design of synthetic materials that mimic specific bio-
logical entities is not only being considered for viruses. Since 2017, 17 laboratories
in the Netherlands collaborate to build a so-called synthetic cell from scratch and
for sure more of such attempts will follow in Europe®® and worldwide. Indeed, the
bottom-up mimicry of biological systems is a very appealing strategy to find out
precisely which elements of a biological entity are absolutely essential and which
are not. Attempting to build biological entities from scratch will greatly improve
our understanding of how life works.

Applications in nucleic acid delivery

Using the artificial viral capsid proteins, both DNA” and RNA'® templates can be
encapsulated. Due to the shielding effect of the amorphous block, these templates
are protected from degradation by nucleases, so that the assembled VLPs are poten-
tially very interesting nucleic acid delivery vehicles. Many applications exist within
the field of nucleic acid delivery>37-2® and the modular design of the artificial viral
capsid proteins, in theory, allows for their adaptation to any of these applications.
Examples are gene therapy (including protein replacement, gene silencing and
gene editing) and DNA and RNA vaccination.

Gene therapy includes various strategies, such as protein replacement, gene
silencing and gene editing®®. Protein replacement can be applied in genetic dis-
eases characterised by the insufficient expression of a protein or the expression of
a defective protein (e.g. in lipoprotein lipase deficiency*?). In these cases, DNA
or mRNA molecules coding for the functional protein can be delivered into cells
using synthetic viruses to induce the production of the functional protein. While
mRNA is degraded quickly in the cell, repeated treatment may be necessary. DNA,
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on the other hand, has the advantage that it can reside as an episome in the cell
nucleus for months or even years*!, so that it has a continued therapeutic effect
and a single treatment may be sufficient.

Diseases caused by the overexpression of a protein, can be treated using gene
silencing*?. Using synthetic viruses, small interfering RNAs (siRNAs) could be de-
livered to the target cells in which they bind to and cleave complementary mRNA in
order to downregulate the expression of the mRNA-encoded protein. This strategy
is for example used in the treatment of viral infections by silencing viral genes*,
or in the treatment of cancer for example by downregulating genes involved in
proliferation, migration and anti-apoptosis**. The effects of siRNA treatments are
usually short as RNAs are degraded quickly. If sustained gene silencing is desired,
it may be more interesting to use short hairpin RNAs (shRNAs)*°. shRNAs down-
regulate protein expression in a similar fashion as siRNA. However, shRNAs can
be expressed from a DNA plasmid that is delivered to the cell nucleus. Since DNA
in the nucleus can be relatively stable, the effect of shRNAs lasts much longer.

Long-lasting effects can also be obtained by gene editing, which involves the
introduction of breaks at specific locations in the genome of a cell using endonu-
cleases such as zinc finger (ZnF) nucleases, transcription activator-like effector nu-
cleases (TALENSs) and the more recently discovered CRISPR RNA-guided Cas94%47,
This strategy relies on the cellular DNA repair machinery and could result in the
deletion or replacement of a genomic sequence or in the insertion of a “donor” se-
quence. Delivery of the nucleases to the target cells could be achieved by delivery
of DNA or RNA coding for these nucleases and the guide RNA, with the use of
synthetic viruses*®.

DNA and RNA vaccination is another interesting application for which syn-
thetic viruses may be useful®”-3%4°, DNA or RNA molecules coding for pathogenic
antigens are delivered into antigen presenting cells using synthetic viruses. The
antigen presenting cells then express these pathogenic antigens and present them
on their cell membrane, which elicits an immune response against the antigen.
Similar to the more traditional (viral) vaccines that are based on whole viruses or
viral subunits, the DNA and RNA vaccines elicit a protective immunity against the
pathogens to assure a fast response upon an actual infection. In addition, DNA
and RNA vaccines are now also studied in the context of cancer treatment by using
DNA or RNA coding for tumour antigens.

It should be mentioned that there might also be some limitations in the use of
the artificial viral capsid proteins for nucleic acid delivery. Presumably the biggest
issue will be the size of the encapsulated nucleic acids. Encapsulated nucleic acids
are condensed with a packing factor of ~3 for double-stranded molecules and ~6
for single-stranded molecules’. Based on the experiments published before’!8
and the experiments discussed in this thesis, we know that this packing factor
is independent of the template length, so that the length of the rod-shaped VLPs
increases proportionally with the length of the template. It remains to be elucidated
what the limits are. For long mRNA or long DNA it may therefore be interesting
to develop artificial viral capsid proteins with a larger packing factor. This could
possibly be achieved by using longer oligolysine binding blocks, since this would
allow each individual protein in a VLP to bind to a larger number of base pairs and
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hence force the nucleic acid template to be condensed to a greater extend.

Other applications

Although, herein we mainly focused on the delivery of nucleic acids, the artificial
viral capsid proteins can potentially also be used in many other applications in
medicine and biotechnology. Examples are drug delivery and nanoreactors. These
applications, and more, have been extensively reviewed by Steinmetz and col-
leagues in the context of virus-based nanomaterials®’. Due to the modular design
of our artificial viral capsid proteins, they can presumably be deployed for many of
these applications. We will, however, shortly discuss only a selection of them here.

The rod-shaped assemblies of the artificial viral capsid proteins may be ideal
platforms for the conjugation of drugs or enzymes, similarly to the loading and
coating of TMV particles with such substances. That way, TMV particles have
for example been explored for use in cancer therapy to deliver toxic drugs such
as doxorubicin®">2, In general, drugs delivered with TMV particles are loaded
inside the hollow tube of the particles to prevent off-target effects of the drug. The
space inside the VLPs formed by our artificial viral capsid proteins is limited though
and likely does not allow for drug-loading, although a DNA-binding drug such as
doxorubicin could be loaded into a DNA-containing VLP.

Instead the VLPs may be used as scaffolds to which drugs or enzymes can be
attached. The flexible amorphous blocks may (partially) shield the drugs from
acting on off-targets as was presumably also seen in Chapter 5 for conjugated RGD
peptides. Release of the drugs inside the target cells could then potentially be
facilitated by connection via pH sensitive linkers, or the amorphous domain itself
might be made cleavable by endosomal proteases in order to release the drugs.

Coating of our VLPs with enzymes may be an interesting strategy in biotech-
nology as several enzymes can be conjugated onto a single VLP scaffold and made
to be in close proximity of each other. This way, subsequent steps of an enzyme
cascade can be coupled to facilitate the efficient conversion of a substrate into
a desired product. This strategy is similar to the idea of nanoreactors that are
composed of hollow, spherical particles encapsulating a selection of enzymes>> >4,

Concluding remarks

We have argued that protein-based synthetic viruses are promising nanoparticles for
many applications in nanomedicine and biotechnology. The artificial viral capsid
proteins presented in this thesis have specific advantages over other designs that
we believe make them useful in specific applications. To realise their full potential
however, significant steps still have to be taken. Key steps are especially (1) the
elucidation of why the current artificial viral capsid particles have low transfection
efficiency, such that we can remedy this by elaborating on our basic design, and
(2) the successful development of a capsid protein that can encapsulate its own
genome inside a cellular host, such that we can use directed evolution to rapidly
generate new versions with improved properties.

[
—_
Nej



Chapter 6

Appendix

Overview of constructs encoding artificial viral capsid proteins

A number of constructs were created that encode variants of the artificial viral
capsid protein and are compatible with protein expression in Escherichia coli. This
appendix gives an overview of those protein variants, of which some were also
discussed in this thesis.

All genes encoding for the artificial viral capsid proteins were constructed by a
cloning technique named recursive directional ligation by plasmid reconstruction
(PRe-RDL)!°. The vector used for cloning is the pET24a(+) PRe-RDL vector
(Figure A6.1) and is also the expression vector for protein expression in E. coli.
Figure A6.1 depicts such a vector containing the gene for a triblock variant of
the artificial viral capsid protein. Green represents an amorphous elastin-inspired
ES,, block where ES,, = (GSGVP),, with m number of repeats. The purple block
is a silk-inspired self-assembly block with n number of repeats of the sequence
S%, = (GAGAGAGX),, where X is either glutamine (Q) or histidine (H). At last,
the red block represents the nucleic acid binding block B, which could either be a
non-specific oligolysine K1, or a sequence-specific DNA binding block.

pET24a(+) BseRl
PRe-RDL vector QS

PRe-RDL

Bgll cloning pET24a(+) PRe-RDL

cloning pET24a(+)
PRe-RDL vector || === PRe-RDL vector

I pET24a(+) BgI'I

\ PRe-RDL vector

Bgll

Figure A6.1 — PRe-RDL vector with a gene encoding an artificial viral capsid
protein. The pET24a(+) PRe-RDL vector is used for both cloning and expression of
the artificial viral capsid proteins. The cleavage sites of the three restriction enzymes
(Bgll, BseRI and Acul) used for PRe-RDL cloning are shown. Also the T7 promoter and
terminator are indicated. The gene encoding for the protein is depicted as a triblock,
with green representing the elastin-inspired ES,, block, purple the silk-inspired S*,
block, and red the nucleic acid binding block.
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Proteins discussed in this thesis:

ES,-S8Q,, diblocks, with m = 40, 60 or 80 and n = 6, 10 or 14

Discussed in Chapter 2. These proteins were used to study the effect of
changing the block lengths on protein self-assembly.

ES 80-SQ 10-K12 triblocks

Discussed in Chapter 3. Using this protein we studied the effect of
replacing the amorphous block for another amorphous block. In the
original protein (C-S?y-K12) the amorphous C block consists of the
collagen-inspired sequence (GXaaYaa)i32, which we here replaced for
the elastin-inspired E%g, block.

ESg9-S?10-B triblocks, with B is one of the candidate DNA binding blocks

Discussed in Chapter 4. The purpose of these proteins is to develop
an artificial viral capsid protein that can encapsulate a specific DNA
template via the recognition of a so-called packaging signal in the DNA.
Three candidate DNA binding blocks were proposed: a zinc finger
(ZnF), a basic leucine zipper (bZIP) and an AT-hook (AT). The recogni-
tion sequences of these binding blocks serve as the packaging signals.

Proteins not discussed in this thesis:
Esm-SQlo-Klz, with m = 100 or 120

Discussed in the BSc report of Maarten Klaverdijk, who was supervised
by me. This BSc project was designed by myself and based on the ob-
servation in Chapter 3 of the present thesis: the ESgy-S?9-K15 proteins
(with 80 repeats of the elastin-inspired sequence) have a higher ten-
dency to self-assemble, thereby forming many protein-only fibrils in ad-
dition to DNA-containing VLPs upon incubation with DNA. The aim of
this BSc project was to study whether we can suppress the self-assembly
behaviour of the ES,,-S?1-K1, proteins by increasing the length of the
amorphous ES,, block. The choice to increase the length of the ES,,
block was motivated by the results of Chapter 2 of this thesis, which
showed that longer amorphous ES,, blocks suppress self-assembly of
ES,,-S?, diblocks. Unfortunately, we did not have enough time to fully
characterise the proteins.

Esgo-SHn-Klz, with n = 10, 16, 20 or 24

Discussed in the BSc report of Martin Bongers, who was supervised
by me. Motivated to improve nucleic acid delivery to cells by VLPs
formed by the artificial viral capsid proteins, we in this BSc project
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aimed to design proteins that are expected to induce endosomal escape
and unpacking of the nucleic acid template upon acidification in the en-
dosomes. The design was based on previous work in our group?”-28>°
showing that block copolymers with a silk-inspired S, block solubilise
at low pH and assemble into fibrils at neutral pH. We replaced the
pH-insensitive S block in our proteins for the pH-responsive S,
block. We hypothesise that upon decreasing the pH, the histidines
within these S, silk-like blocks can bind the protons that are imported
into the endosome, leading to the proton sponge effect and endosomal
escape. In addition, the low pH presumably also triggers destabilisation
of the silk-like core of the VLPs, resulting in unpacking of the nucleic
acids. For ESgy-SH16-K12, we indeed obtained some indications that
self-assembled protein fibrils fall apart upon changing the pH from 7.4
to 2.0. Characterisation of the triblocks with other values for n, and
evaluating the effect upon cellular uptake has not been done yet.
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Summary

Although most people associate viruses with diseases, virus particles are also highly
valuable as nano-tools in medicine and biotechnology, either as a nano-containers
or nano-delivery tools themselves, or as a source of inspiration for the development
of new materials with virus-like functions. An example of such a new material is
the artificial viral capsid protein that was recently developed in our group. This
de novo designed protein mimics three key properties of the capsid proteins of the
tobacco mosaic virus: nucleic acid binding, self-assembly into rod-shaped particles
and colloidal stability. Each of these properties is encoded using a separate block
or domain within our proteins, so that we obtain a triblock protein abbreviated
as C-S?9-K1,. The oligolysine K1, realises binding to a nucleic acid template via
non-specific electrostatic interactions. The proteins self-assemble into rod-shaped
virus-like particles (VLPs) as a consequence of the stacking of multiple S2;, blocks.
The S?;¢ block consist of 10 repeats of the sequence (GAGAGAGQ), a motif inspired
by amino acid sequences found in natural silks. Finally, the C block, that consists
of a collagen-inspired (GXaaYaa)is2 sequence, adopts a random coil conformation
and forms a flexible corona around the rod-shaped VLPs that provides colloidal
stability and protects the encapsulated nucleic acid template.

In this thesis we studied the self-assembly and co-assembly with a nucleic acid
template of a number of variants of the previously designed artificial viral capsid
proteins, with alternative sequences, in order to obtain a better understanding
of how the sequence-design of these proteins affects their physical behaviour. In
addition, we studied the cellular uptake of the VLPs in vitro, such that in future
studies we can also improve the protein design with respect to the ability of the
VLPs to deliver nucleic acids into cells.

First, we changed the production host of the artificial viral capsid proteins from
the yeast Pichia pastoris to the bacterium Escherichia coli. This was expected to
facilitate the fast production of larger numbers of artificial viral capsid protein
variants. As the collagen-inspired C block is known to be poorly produced in E. coli,
this block was replaced by another polypeptide sequence: the elastin-inspired
sequence E°,, = (GSGVP),,. Like the C block, the ES,, block adopts a random coil
structure.

In Chapter 2 we addressed the self-assembly behaviour of artificial viral cap-
sid proteins that lack the binding block. The emphasis was on elucidating the
effect of changing the lengths of the flexible amorphous block and the silk-inspired
crystallisable block on (template-induced) assembly. A series of nine E°,-S?, di-
block proteins with varying lengths of the ES, and S?, blocks was produced in
E. coli, where m = 40, 60 or 80 and n = 6, 10 or 14. Using this set of proteins,
we found that a minimum length of the crystallisable silk-like S?, block (n > 10)
was required for self-assembly of these proteins. For diblocks with an S?, block
length just above this minimum, self-assembly was in addition sensitive to the
length of the amorphous ES,, block, where increasing lengths of the amorphous
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block suppressed self-assembly of the crystallisable S?, block. We conclude that for
template-induced assembly proteins should have a crystallisable S?, block length
just above the minimum required length for self-assembly, as well as long, hy-
drophilic, amorphous blocks. This minimises the self-assembly of the proteins in
absence of template-binding while still allowing for self-assembly at the high local
concentrations on templates, induced by binding blocks.

Next, in Chapter 3 we kept the block lengths constant, and compared self-
assembly of artificial viral capsid proteins with amorphous C blocks as colloidal
stability block, with artificial viral capsid proteins with elastin-inspired amorphous
ES,, blocks of the same length. By comparing the behaviour of the original C-S?o-
K1, protein with the newly produced ESgy-S?;-K12, we found that, in addition to
the length of the colloidal stability block, also the chemical details of this block
affect the self-assembly behaviour of the artificial viral capsid proteins. Specifically,
the highly hydrophilic C blocks seem to suppress self-assembly of the proteins in
the absence of templates to a greater extent than the less hydrophilic ESgq blocks.
Co-assembly with a DNA template, on the other hand, was largely unaffected by
changing from the C to the ESg colloidal stability blocks. The hydrophilicity of
the amorphous block is therefore a key design parameter to favour templated over
non-templated assembly of artificial viral capsid proteins.

In Chapter 4 we developed more variants of the artificial viral capsid proteins by
changing the nature of the binding block. The aim was to develop a capsid protein
that only encapsulates DNA templates that have a so-called “packaging signal”, a
sequence element that strongly promotes nucleation of fibrils. Except for better
mimicking natural viruses, this could also facilitate the encapsulation of specific
templates within complex environments such as cells, and the development of the
artificial viral capsid proteins towards efficient nucleic acid delivery vehicles by
using directed evolution approaches. We designed a new triblock protein (ESg-
5%0-ZnF) in which we replaced the non-specific K1, binding domain with the
sequence-specific DNA binding domain ZnF, which is based on a zinc finger found
in the Drosophila melanogaster GAGA factor. We produced the protein in E. coli,
but were not able yet to purify a fully intact protein. Nevertheless, the work in
this chapter is a step towards the generation of an artificial viral capsid protein
for which VLP assembly and specific encapsulation of a template is induced by the
recognition of a packaging signal.

Finally, in Chapter 5 we investigated the ability of VLPs, formed by co-assembly
of the artificial viral capsid proteins C-S?;y-K;, with mRNA, to enter HeLa cells
and deliver their nucleic acids into the cytoplasm. We also investigated whether
attaching cell-binding peptides to the ends of the C block would promote cellular
uptake and hence delivery. To track the VLPs during entry, we used fluorescently-
labelled C-S?;(-K15 proteins and mRNA templates. We found that the VLPs entered
HelLa cells presumably via endocytosis. Modifying the VLPs with RGD cell-binding
peptides, resulted in only a small increase in cell-binding and uptake of the VLPs.
We assume this limited effect is due to the shielding effect of the flexible amorphous
C block and may be solved by placing the RGD peptide on long, stiff linkers. We
also concluded that further improvements of the design of the artificial viral capsid
proteins may be required to also enhance endosomal escape and unpacking of the
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VLPs, in order for these particles to really become useful as delivery vehicles.

This thesis concludes, in Chapter 6, with a general discussion of the work pre-
sented in this thesis, and with some recommendations on how to further improve
the design of these artificial viral capsid proteins. Due to their modular design they
can be optimised relatively easily for specific applications, such that they indeed
have the potential to be used in a broad range of applications.
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