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Introduction

1.1 Protein-based Polymers

1.1.1. Material Science Meets Molecular Biology. The field of protein-based
polymers was born at the cross-roads of Material Sciences and Molecular Biology."
* In particular, polymer scientists were looking for technologies to create novel,
improved polymeric materials and found such technologies in the growing area of
Molecular Biology and DNA recombinant technology*® (Figure 1.1). A major
impetus for further development has been the development of fast and efficient

(commercially available) DNA synthesis techniques.

The term “protein-based polymers” first came up in connection with the
pioneering work of David A. Tirrell in University of Massachusetts (later in
CALTECH)’ and Joseph Capello in the company Protein Polymer Technologies
Inc. (San Diego, California)*'® around 1990. Although previous work from Doel,
MT, et. al. in 1980 reported the production of an artificial repetitive sequence of
poly(L-aspartyl-L-phenylalanine) amino acids by inserting a synthetic gene
sequence in E. coli,'"" that work did not point out the possibility to produce protein-

based polymers in this way.

1.1.2. Two Paradigms in One Molecule. Protein-based polymers are a new class
of macromolecular materials obtained by genetically encoded biosynthesis of
repetitive or tandem peptide sequences.>*4'%1>13 Recombinant production through
ribosomal synthesis allows for production from renewable resources, provides
precise and absolute control over stereochemistry, sequence, and chain length.
These are features that are required more and more often for creating new
functional polymers, and that cannot (all) be provided through the chemical
synthesis of polymers. The precise control over primary sequence of these
polymers, ultimately gives control over the physical, chemical and biological
properties of materials made out of them, such as their mechanics, supramolecular
organization, biocompatibility and biodegradability. Because of their recombinant
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Figure 1.1. The field of protein-based polymers was born at the cross-roads of Molecular Biology and
Materials Science. It combines approaches to protein- and polymer science, and properties of both
proteins and polymers to create novel functional materials.

origin, protein-based polymers are composed of the 20 natural amino acids units.
However, a range of technologies are now being developed that also allow for the
incorporation of unnatural amino acids.'"*'” One of the most prominent advantages
of using amino acids to build polymers is that one can borrow basic functional
sequences from natural proteins, such as blocks or domains with defined secondary
structures (a-helix, -sheet, coiled-coils, etc) that can exist independently. Also,
protein-based polymers can be combined with fully folded proteins or protein-
domains (with more complicated secondary and tertiary structure) to create
polymer-protein hybrids.”*** The flexibility to incorporate and repeat functional
peptide sequences in protein-based polymers allows for the creation of new

functionalities and new materials by combining multiple simple
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Figure 1.2. Comparative table between properties of proteins, polymers and protein-based polymers.

block with properties that have already been established independently.*** Potential
problems in making protein-based polymers arise from the fact that large and
repetitive sequences can be genetically unstable, or are otherwise not tolerated by
some production host cells, and may lead to DNA deletion, or proteolytic
degradation of products. One possible alternative synthesis method that deserves
mention here is the chemical synthesis of long polypeptides. This is nowadays also
used to create various types of amino acid copolymers (“polypeptide block

copolymers” or “block copolypeptides”), but the chemical synthesis only allows for
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Figure 1.3. The “Soft Matter Triangle”. Figure taken from Eur. Phys. J. E. 26, 1-2, (2008) .

blocks that are homopolymers (composed of only a single amino acid),”** and
therefore is much less versatile than recombinant production. For completeness,
Figure 1.2 compares a number of features of (natural, folded) proteins with those of
typical polymers produced through synthetic chemistry, and with those of protein-

based polymers.

In a way, protein-based polymers fuse two paradigms: the world of natural
proteins and the world of synthetic polymers (including block copolymers).>*
Protein-based polymers not only have the potential to make materials that combine
the very different properties of proteins and polymers, but may also be expected to
lead to materials with new properties that go beyond what can be done with
proteins and polymers separately.>* > For another perspective on the position of
protein-based polymers in current science and technology, we can take a look at
the so-called “soft matter triangle” (Figure 1.3).” While this diagram places
proteins in the middle, the additional freedom for de-novo designed protein-based
polymers means that in fact, protein-based polymers can access a significant
fraction of the area of the entire Soft Matter triangle, which illustrates the versatility

of these materials.
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While at the dawn of “protein-based polymer history”, researchers typically used
long repeats of single units, over time, people started looking at di-block and
multiblock designs. Nowadays, the use of elaborated sequences and the number of
blocks used in a chain of a protein-based polymer has increased to the point that
their functionality can be very specific and their performance rivals that of
sophisticated natural materials.”’*® At the same time, this increased complexity
takes us away from the predictability of polymers, and brings us closer to the
fundamental problem that underlies the whole field of protein design: how to
reliably predict protein structure and functionality from primary amino acid

sequence.”

1.1.3 Production of Protein Polymers. Genetic engineering followed by
fermentation is the usual procedure to produce a recombinant protein-based
polymer. While genetic engineering provides the tools to generate the DNA
sequences for the engineered proteins, and to insert them in the final host, the
fermentation step harnesses the biological systems in order to biosynthesize the
protein using simple and cheap substrates.b>* % 122% 32 38 4047

Since the primary sequence of amino acids is dictated by a nucleotide sequence,
the first steps are to design the amino acid sequence of the protein-based polymer,
to translate that into a nucleotide sequence optimized for the particular host, and
then to actually produce these polynucleotide (DNA) molecules. Several techniques
have been developed tp synthesize artificial genes for protein polymers. These

include “concatemerization”,>* % ** % “recursive directional ligation” (RDL),>** !>

303240, 42, 4850 and the recently developed “overlap extension rolling circle
amplification” (OERCA).”" ** The first one is the self-ligation of a repetitive basic
unit through cohesive ends that creates in a single step multimers of the desired
sequence, but without precise control in the degree of polymerization. This was the
initial approach to produce the genetic sequences of the protein based polymers in
1990.> ° The second one, RDL, was developed in 2002 and consists of a stepwise
addition of the basic sequence unit until the final desired length is obtained." If the

desired length is very large, this approach therefore requires many rounds of
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addition. In 2011 the OERCA®' method was proposed, which allows for the parallel
synthesis of many sequences with a large polymerization degree. In this PhD thesis
we have used RDL, since the number of stepwise additions of sequences was not
very large.

The most often used host organisms to produce protein polymers are the
bacterium Escherichia coli and the yeast Pichia pastoris. While E. coli typically
produces between 10-100 mg of product per L of culture, P. pastoris can produce
between 0.1-1 g per L of cell-free medium. Production in E. coli is usually done on
a medium based on carbohydrates such as glucose (and is induced, e.g. with IPTG)
while for P. pastoris the most common approach is to use methanol in the dual role

as both a substrate for- and inducer of the biosynthesis.”

1.2 Artificial DNA-Binding Proteins

1.2.1. Principles for DNA Binding from Natural Proteins. Natural DNA-
binding proteins have evolved for over millions of years to perform a broad range
of “DNA transactions”> DNA packaging, replication, recombination, restriction

and transcription.”*”’

Proteins and protein complexes involved in these
transactions can be huge, but often the actual DNA-binding domains themselves
are not so large.”®¢! These have been extensively studied to unravel their structures
and mechanisms of interaction with DNA. Their interaction with DNA involves
molecular complementarity (geometrical and chemical) that can lead to sequence-

specific, sequence-aspecific or structure-specific DNA binding.**?” ¢ 62¢7

Very
often, basic amino acids are found in DNA-binding domains that interact with
DNA through electrostatic interactions with the phosphate backbone.’® 64 66 65 ¢
Specificity (for sequence or structure) is more often dictated by additional
hydrogen bonding (sometimes water-mediated) and/or hydrophobic interaction
with the minor and/or major grooves of the DNA structure.’**” ¢ 7> 7 Many
DNA-binding domains of natural proteins fall within one of a small number of

characteristic structural motifs.** > 6* Some of these are illustrated in Figure 1.4.
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Figure 1.4. Examples of natural proteins with structural motifs for DNA-binding A) Zinc fingers
(PDB code: 3UK3). B) Zinc finger from transcription factor GATA-3 (PDB code: 4HC9). C) Z-alpha
domain binds to Z-DNA (PDB code: 4KMF). D) Sso7d 7kD DNA-binding domain "Histone-like"
protein from archaea microorganisms (PDB code: 1BNZ). E) Basic/helix-loop-helix/leucine zipper
DNA-binding domain of the transcription factor Max (PDB code: 1AN2). F) Methyl-CpG-binding
domain (PDB code: 4LG7). G) A-T hook peptide (PDB code: 3UXW). H) Biological assembly of
Histone “H4” (PDB code: 2PY0).

1.2.2 Principles of DNA-Binding and Formation of Viral Structures from Viral
Coat Proteins. This thesis deals in part with mimicking viral coat proteins, hence
we here wish to pay special attention to this special class of proteins, which often
bind nucleic acids.”” They mediate the condensation of nucleic acids (either DNA
or RNA) into highly regular and stable supramolecular structures, generally
icosahedral or cylindrical, that are composed of multiple copies of one or few
different types of coat proteins.””” The analysis of in-vitro viral particle formation,
for example for the Tobacco Mosaic Virus (TMV),”> 757" has led to insights in the
requirements that coat proteins need to fulfill in order to form such exquisite

nanostructures.

Within the TMV coat protein; one can distinguish at least three regions that each
encodes for a major physical-chemical functionality (see Figure 1.5): a basic region

that binds to DNA, a typically hydrophobic region that leads to protein-protein
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Figure 1.5. Identification of regions that encode important physico-chemical functionalities in the
TMYV coat protein.

interactions and self-assembly, and finally a hydrophilic outside region that
provides shielding and regulates interactions of the particle with the outside world.
For TMV and other viruses, the co-assembly and packing of the viral RNA with the
coat protein is highly cooperative and is triggered by an allosteric change in the
protein conformation upon binding.®”

Inspired by these insights we hypothesize that if we put together in a protein-
based polymer molecule the following three physicochemical functionalities, the

protein-based polymer will tend to form virus-like supramolecular assemblies:

(a) A basic block that binds DNA through electrostatic complexation,

(b) A block that gives rise to lateral cooperative self-assembly between proteins

bound to DNA (ideally via an allosteric conformational change upon binding the
DNA)

(c) A shielding block that gives colloidal stability to the self-assembled particles,

such that they do not aggregate.

Below we consider each of these physicochemical functionalities in somewhat

more detail.
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Electrostatic complexation occurs between two molecules that are opposite
charged and is often mostly entropically driven via the release of the many counter
ions that were bound prior to complexation. For a DNA-protein complex,
counterions are released from the positively charged amino acids such as lysine,
histidine and arginine on the protein and from the negatively charged phosphate
groups of the nucleic acids (DNA or RNA).

Self-assembly is the process where multiple weak bonds between building blocks
(molecules, particles) leads to the (reversible) formation of larger structures. The
weak bonds can be any weak noncovalent interaction such as hydrogen bonds, nt-
stacking, metal coordination, electrostatic forces, Van der Waals forces or

78-84

hydrophobic effects. In many (but not all) cases, self-assembly of

81, 84, 85

supramolecular structures is cooperative, meaning that multiple (weak)

86,87 such

bonds are formed simultaneously, which has various general consequences
as sharp transitions as a function of control parameters (e.g. the critical micelle
concentration), and coexistence between distinctly different species (e.g. surfactant
micelles and surfactant monomers). In this way, cooperativity evades energy, and
time barriers, leading into preorganization of complex structures. Cooperativity is
an emergent property that can be encoded in supramolecular building blocks
through programming their weak noncovalent interactions.”” ® Indeed nature
exploits cooperativity in many different ways: in protein folding, protein allostery,
at the cellular level, etc.®>* Often, cooperativity is linked to structural (or allosteric)
changes in the building blocks upon establishing an interaction. To encode
controlled cooperative self-assembly in protein-based polymer building blocks is
challenging.” One way to encode lateral cooperative interactions in a protein-based
polymer is through the use of B-sheet stacking.' * There are many reports of
amino-acid sequences such as silk-like sequences, but also others that are able to
fold into a beta-sheet secondary structure and stack into one-dimension elongated
structures.’’%

Improving the Colloidal Stability of particle dispersions, i.e. preventing their

reversible or irreversible aggregation, typically involves modulating the particle

10
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interaction through surface modifications. A very effective general strategy, which
is also employed in this thesis, is shielding off any potential attractions with a
hydrophilic polymer-brush at the particle surface.

1.3 Protein-based Polymers that Bind to DNA: Applications

This thesis deals with protein-based polymers that bind to DNA, and by doing
so, change various DNA properties. Although not the focus of this thesis, we
believe that such polymers in the future may have a big impact on a number of
application areas where control of DNA (physical) properties is crucial. Also that
protein-based polymers will have an important role in the development of general
capabilities for molecular manipulation and molecular engineering.”” Some of these

are reviewed below, and shown in Figure 1.6.

1.3.1. Artificial Viruses and DNA Delivery Systems. The design of artificial
viruses is highly relevant as an approach to non-viral DNA delivery, and for
increasing our capabilities to develop synthetic biosystems. The task of designing
artificial viruses that mimic their natural counterparts, though, has been found to
be extremely difficult.”®'® Only in the last decades, with more suitable tools
becoming available for engineering of functional polymeric materials, the design of

such systems has become a possibility.

Given the many attractive features of protein-based polymers outlined above,
protein-based polymer technology may be expected to be highly suitable for
designing “artificial viruses”, and thus advancing tools for synthetic biology.”* '**
Indeed, the protein-based polymers can be designed to do all the things previously

considered as being “virus mimetic”'%*"?

such as co-assembly with nucleic acids
into particles within a certain size range, that in addition can be targeted to bind to

and enter in cells, etc.

The protein-based polymer approach bridges the two current approaches that
have been largely separate from each other: one focused on “mimicking” the

functional biological activity, and the other one focused on mimicking the

1
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Figure 1.6. Practical applications where Protein-based polymers that bind DNA can have impact.

structural features and self-assembly. In addition, protein-based polymers can be
carefully designed to encode cooperativity, which is a key parameter for viral self-
assembly that has hardly received any attention in previous designs for artificial
viruses. The latter negligence may in fact be related to the lack of molecular tools to
precisely encode and tune cooperativity in designs for self-assembling polymers.
Being able to precisely encode and tune cooperativity is not only important for
mimicking viruses. Indeed, given the crucial role of cooperativity in biology, it may
be expected to be also crucial for ultimately being able to design synthetic live-like
systems.” 8586

1.3.2. Optical Mapping and Sequencing of Single DNA Molecules. A very active
field of DNA technology is that of single DNA molecule sequencing. The
approaches that are being developed are all highly sophisticated and complex.'
For all of them the control of DNA physical properties is crucial, and we expect
that dedicated DNA-binders may contribute here. One example is the optical
mapping of single DNA molecules that allows for the localization of marker

12
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sequences in very long (genome-sized) DNA molecules, relies on being able to
stretch DNA. Specific DNA binders that increase the DNA stiffness can be of
significant value for that application, as we illustrate in chapter 5.

1.3.3 Protein-based Polymers for DNA-based Nanomaterials. DNA is a versatile
building block for building materials at the nanoscale level. It has a well-defined
recognition language based in the Watson-Crick complementary pairing that can
be harnessed to program the folding of nanostructures with particular
functionalities. The programmed hybridization of a template or scaffold sequence
(usually ssDNA from M13 virus) and short “helper” or “staple” strands, is being
used to create an ever growing collection of 2D and 3D nanostructures that can be
used in a wide range of applications."* !> Applications include mechanical devices
that walk, cages with lids, nanotubes, sensors, nanopores, metallic nanowires, and
“delivery robots”."*'*! DNA-binding protein-based polymers could be used in this
field to coat and protect DNA nanostructures, to modulate their physical
properties, to locate functional moieties at specific places, etc.'””> Another possibility
is to use the monodisperse and precisely-defined DNA structures as a scaffold for
the multivalent display of other groups.'? This application could also benefit from
coating the DNA with protein-based polymers.*>*"2* A final application could be
to modulate DNA structures that are to be used as templates in materials science
(e.g. to construct metal, or other types of inorganic nanoparticles or nanowires for
sensing, electronic materials, nanomedicine, etc.) As in every new field, the limits
of these technologies have not been established yet. We believe a combination with
protein-based polymer technology could lead to synergy and offer yet more

opportunities.

1.4 Outline of this thesis.

This thesis is divided in three main parts. Each part focuses in a different aspect
of the protein-based polymers that bind to DNA. In Part I the interest is to design
and produce several protein block copolymers able to complex DNA molecules in

order to develop artificial virus-like particles. The design, production and detailed

13
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characterizations are described. In Part II some applications of the previously
designed protein block copolymers are depicted. Also new protein polymer designs
with improved features for complexing DNA are described and characterized
together with some possible applications. Part III deals with the electrostatic
complexation of other anionic polyelectrolytes different to DNA, such as negative
supramolecular polymers that carry metal ions or synthetic polymers. Also, the
self-assembly of designed triblock copolymers without a DNA template is
described. Last Part IV makes a summary of the main finding and conclusions of
all the previous chapters and a general discussion about the design of protein based
polymers for designing artificial viral-like systems the implications. It is also

discussed the perspectives of these designed systems.

1.5 Aim of this thesis

The aim of this thesis is to design systematically polypeptide building blocks, that
when combined into multiblock polypeptides can co-assemble with DNA into
virus-like particles. The polypeptides are intended to mimic key properties of
natural viruses. The virus-like particles that we aimed to obtain should be highly
ordered, and feature precise control of their nanostructure and nanoarchitecture,

as well as displaying as much functional virus properties as possible.
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Chapter 2

Coating of single DNA molecules by
diblock copolymers'

' This chapter is based on Armando Hernandez-Garcia, Marc W. T. Werten, Martien Cohen
Stuart, Frits A. de Wolf, and Renko de Vries. Coating of single DNA molecules by genetically
engineered protein diblock copolymers, Small, 2012.



Coating of Single DNA Molecules

2.1 Introduction

Besides being a carrier of genetic information, DNA has also become a much-
explored multi-purpose material for biological and non-biological applications.
Coating DNA with binder moieties is an effective way to modify physical
parameters and modulate its interactions with the environment."” For example,
non-viral gene delivery has been achieved by complexation of DNA with cationic
lipids and/or polymers to promote passage across the cell membrane.® A controlled
DNA coating would be advantageous to regulate doses of transfected DNA and
also to direct vector shape. Furthermore, a protein coating on single stranded DNA
has been used to facilitate passage through nanopores.” Binder moieties could
finally be used for modulating DNA physical properties such as bending rigidity,
thickness, and interactions with other entities.> 7 These properties are crucial for
example for nanoscale self-assembly ("DNA origami"),® templating of nanowires,’
transport in nano-channels, and the stretching, separation and sequencing of
DNA.b%?

A key issue is control over the architecture of the DNA coating. So far, only a few
studies have focused on (1) understanding the requirements for coating of DNA
without any intra- or inter-molecular bridging, and on (2) a rational designed of
DNA-binding polymers based on these requirements. Typical for current
polymeric DNA binders is the formation of random aggregates of uncontrolled size
and irregular shape, with many nucleic acid molecules per aggregate.®'? This limits
the applicability of the current polymers in precisely defined coatings. An
understanding of the characteristics of polymer design, that result in a
monodisperse polymer-DNA complex and prevent intra- or inter-molecular
bridging between DNA segments, could be beneficial for the field of DNA-based
nanobiotechnology.

The simplest design for a macromolecule capable of coating DNA would be that
of a diblock copolymer containing a cationic domain, connected to another
domain that confers colloidal stability.’>* A number of such molecules have been
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studied in which the binding domain is a simple, flexible polycation. For example,
Kostiainen et al. have conjugated various globular proteins with polycationic blocks
and showed that the conjugates are capable of coating double strand DNA
(dsDNA)."> A number of studies have also been performed on synthetic diblock
copolymers consisting of a polycationic domain coupled to an uncharged, flexible
and inert hydrophilic domain of variable size.> %15

DeRouchey et al. have reported controlled coating of single DNA molecules
using 20 kDa poly(oxyethylene) (PEG) linked to poly(iminoethylene) (PEI)
carrying 50 positive charges.'” Hartmann et al., used PEG-polyamidoamine (2.7
kDa-20 positive charges) to form a mixed population of single-plasmid dsDNA
toroids with different degrees of folding and supercoiling.'® Osada et al. reported a
PEG-poly-L-Lysine (12 kDa-17 positive charges) polymer that induced multiple
folding in single plasmid DNA molecules (pDNA)."” Analysis of these studies
suggests that the length of the two blocks -hydrophilic and cationic- and also their
combination in an asymmetric diblock copolymer controls the final architecture of
the DNA molecule-polymer complex. For the studies with cationic-neutral
diblocks performed so far, binding domains were around 20 to hundreds of
positive charges, and hydrophilic blocks were between 2.7 and 20 kDa. Most
studies report aggregation and/or folding of single DNA molecules by polycationic
“bridging”. Bridging can occur between several DNA molecules (intermolecular
aggregation) and/or between several neighboring parts of the same DNA molecule
(intramolecular aggregation). Such bridging creates a diverse population of shapes
and sizes.>'>%

Bridging does not distinguish between parts of the same or different molecules.
Therefore, if intramolecular bridging occurs, it is very likely that intermolecular
aggregation will also occur in time, or at high DNA concentrations.?»** This can be
prevented if the binding domain is short and a protective cover such as a large
hydrophilic block is present around the DNA. DeRouchey et al. reported neither
intermolecular aggregation nor intramolecular folding, despite the fact that they

used very long binding blocks (50 positive charges, roughly the size of the neutral
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block). This may be related to the fact that they have used rather short DNA
fragments (75-1018 base pairs) and low concentrations (<0.33 mg/L).'”?**°

For artificial DNA binders, a relatively long colloidal stability block and a
relatively short DNA-binding block could be successful for long-term prevention
of random aggregates of uncontrolled size and shape.” Probably, a small binding
block coupled to a very large steric block (i.e. a highly asymmetric design) will
promote coating of single DNA molecules and prevent intermolecular aggregation
and/or intramolecular folding. This will significantly reduce the presence of
structures with different sizes and shapes and thus make the preparation more
homogeneous, with evident advantages for technological applications.* Structural
asymmetry/symmetry is a feature that is also exploited by nature to build
functional nanoparticles.*”>**

An attractive technology to produce custom-designed polymers is the use of
genetic engineering.'® > ***! This offers the possibility to produce protein polymers
with exact control of the length and sequence, monomer by monomer, of the
binding and protective domains. Moreover, it creates the additional possibility of
inserting biofunctional domains such as for binding to living cells. In addition,
production of such polymers as (monodisperse, exactly defined) heterologous
proteins in suitable recombinant microbial production hosts would create
possibilities for production at relatively low cost and large scale without any loss of
product quality. This contrasts with traditional chemosynthetic production, which
cannot combine monodispersity and a defined monomer sequence with low cost
and large scale of production. Previously, we have demonstrated the biosynthetic
production of various large protein block copolymers using recombinant Pichia

pastoris yeast strains.”*>*

The polypeptides were secreted into the medium at g/L
levels and could be recovered using a simple downstream processing suitable for

scale-up scaffold.

Here, we use recombinant P. pastoris for the biosynthetic production of two
neutral-cationic protein diblock copolymers that coat long single molecules of

plasmid DNA, both linear and supercoiled without any signs of intermolecular
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aggregation even at high DNA concentrations. The present protein polymers could
be used for future step-wise addition of blocks for further detailed control of
structural and functional properties. The development of our capabilities to control
and modulate the properties of single DNA molecules by coating them with
designer protein polymers could put forward a number of emergent
nanotechnologies such as single DNA sequencing and single nucleic acid molecule

delivery.

2.2 Materials and Methods

2.2.1. Materials. Supercoiled plasmid DNA pMTL23-C4K12 (3.7 kb), used for
binding studies, was prepared using a Megaprep kit (Qiagen, Germany) from a
recombinant E. coli culture grown overnight. The purified DNA was dissolved in
sterile MQ-water at a final concentration of 232 mg/L (Nanodrop ND-1000
Spectrophotometer; Thermo Scientific, Waltham, MA). Several portions were
diluted to a final concentration of 116 mg/L in 10 mM acetate buffer, pH 5, and
microfiltrated (0.2um) for light scattering analysis. Restriction enzymes used for
molecular cloning of the cationic protein polymers were purchased from New
England Biolabs (Ipswich, MA) or Fermentas (Lithuania). Acetate buffer was
prepared from acetic acid and sodium acetate of analytical quality purchased from
Sigma (St. Louis, MO).

2.2.2. Construction of Expression Vectors and Strains. The previously described
vector pMTL23-P4 contains a gene encoding an artificial highly hydrophilic
random coiled protein “P4”.* In the present article this collagen-like sequence is
denoted as the colloidal stability block “C,”. The vector was digested with
Van911/EcoRI (3' to the C4 gene). The binding blocks were prepared by annealing
of complementary codon-optimized oligonucleotides (Eurogentec, Seraing,
Belgium; see Appendix Table 2.2 for DNA sequences). The resulting double-
stranded adaptors encode the amino acid sequences as shown in Figure 2.1D, and
provide Van911/EcoRI sticky ends. The adaptors were separately ligated into the
previously digested vector, resulting in plasmids pMTL23-C4-K12 and pMTL23-
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C4-HK6. The fragments encoding the C4-Kj, and Cs-(HK)s diblock copolymers
were released through digestion of pMTL23-C4-K12 and pMTL23-C4-HK6
with Xhol/EcoRI and ligated into the correspondingly digested P. pastoris
expression vector pPIC9 (Invitrogen, Breda, The Netherlands). The resulting
plasmids pPIC9-C4-K12 and pPIC9-C4-HK6 were linearized with Sall and
electroporated into P. pastoris strain GS115 (Invitrogen). The plasmid integrates
into the genome through homologous recombination at the his4 locus providing

normal growth on methanol. The presence of the genes was verified by PCR.

2.2.3. Protein Polymer Biosynthesis. Fed-batch fermentations using minimal
basal salts medium were performed in 2.5-L Bioflo 3000 fermentors (New
Brunswick Scientific, Edison, NJ), similarly to Zhang et al.*® The methanol fed-
batch phase for protein production lasted two to three days. A homemade
semiconductor gas sensor-controller was used to monitor the methanol level in the
off-gas and to maintain a constant level of 0.2% (w/v) methanol in the broth. The
pH was maintained at 3.0 throughout the fermentation by addition of ammonium
hydroxide. At the end of the fermentation, the cells were separated from the broth
by centrifugation for 15 min at 10000 x g (room temperature or 4 °C) in an SLA-
3000 rotor (Thermo Scientific, Waltham, MA), and the supernatant was
microfiltered (Pall Corporation, Port Washington, NY) and immediately stored at

4 °C for subsequent purification.

2.2.4. Protein Polymer Purification. All centrifugation was done for 30 min at
20000 x g at 4 °C, interchangeably in a Sorvall SLA-1500 or SLA-3000 rotor
(Thermo Scientific, Waltham, MA). First, medium salts were removed from the
cell-free broth by adjustment of the pH to 8.0 with NaOH, followed by
centrifugation. Subsequently, the diblock copolymers were selectively precipitated
from the solution, by adding ammonium sulphate to a saturation of 45%,
incubating overnight at 4°C, and subsequent centrifugation. The pellet was
resuspended in an equal volume (relative to the cell-free broth) of Milli-Q water
and precipitation was repeated once at 4°C, using incubation time of 1-2 hrs. The

pellet was resuspended in 0.2 volumes (relative to the cell-free broth) of Milli-Q
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water and sodium chloride and acetone were added to a final concentration of 50
mM and 40% (v/v), respectively. After centrifugation the acetone concentration of
the supernatant was raised to 80% (v/v), and the solution was centrifuged in order
to precipitate the pure diblock copolymer. The pellet was dried overnight,
resuspended in Milli-Q water, extensively desalted by dialysis against Milli-Q water
and lyophilized.

2.2.5. SDS-PAGE and Mass Spectrometry. SDS-PAGE was carried out using the
NuPAGE Novex system (Invitrogen, Carlsbad, CA) with 10% Bis-Tris gels, MES
SDS as running buffer and SeeBlue Plus2 prestained molecular mass markers. Gels
were stained with Coomassie SimplyBlue SafeStain (Invitrogen). Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS)
was carried out in an Ultraflex mass spectrometer (Bruker, Billerica, MA). Proteins
samples were prepared by the dried droplet method. The matrix was made up of 5
mg/mL 2.5-dihydroxyacetophenone, 1.5 mg/mL diammonium hydrogen citrate,
25% (v/v) ethanol, and 1% (v/v) trifluoroacetic acid on a 600 um AnchorChip
target (Bruker). An external mass calibration was done based on Protein
Calibration Standard II (Bruker).

2.2.6. Agarose Gel Mobility Retardation Assay. Aliquots 46 ng of pDNA (3.7
kb) dissolved in 10 mM acetate buffer pH 5 were mixed with different volumes of a
1g/L C4-By; solution dissolved in the same buffer to a final volume of 15 pL. After
30-60 min at room temperature, the mixtures were electrophoresed in a 1% agarose
gel for 60 min at 90V using 1x TAE buffer (pH 8). Bands were visualized using
ethidium bromide.

2.2.7. Dynamic Light Scattering. Light scattering measurements were performed
with a Zetasizer NanoZS apparatus (Malvern Instruments, UK) equipped with a
4mW He-Ne ion laser at a wavelength of 633nm. DNA-protein complexes were
formed at room temperature by mixing 5.6 pL of DNA (116 mg/L) dissolved in 10
mM acetate buffer pH 5 together with a certain volume of desalted and purified C4-
B> (1-10 g/L) dissolved in the same buffer, as necessary to obtain the desired N/P

ratio. Buffer was added to the DNA and diblock copolymer premixed solutions to a
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final volume of 15 pL and mixed. DNA, protein and buffer solutions were
previously filtrated using 0.2um filters for all the further experiments. The
solutions were left to equilibrate for 1-2 hrs at room temperature before DLS
measurements. The intensity of light scattered by the DNA-protein complexes was
determined from an average of five autocorrelation measurements carried out in
the course of 60 seconds at 25°C using a scattering angle of 12.8 and/or 173 degrees.
Effective hydrodynamic radius was automatically obtained from the apparent

diffusion coefficient calculated by the apparatus.

2.2.8. Molecular Weight Estimation. Determination of the molecular weight
using static light scattering requires the absolute intensity of light scattered at an

angle O, called the Rayleigh ratio Ry:

_ 2
R — sample Isolwmt nsolventR
g =

] n2 toluene (21)

toluene toluene

Where Liampier Liowenss and Liomene are, respective, the relative scattered intensities of
the sample, the solvent and the toluene standard, which has an absolute scattering
intensity of Riuene = 0.0013522 m™. Furthermore, fpens and Miuene are the solvent
and toluene refractive indices (1.333 & 1.49366, respectively). The Rayleigh
constant is:

B 4r’n’> . (dn/dC)?

solvent

AN,

K, (22)

where N, is Avogadro's number, dn/dC is the refractive index increment. For low
scattering angles and low concentrations, the absolute intensity is independent of
scattering angle and linear in both the weight concentration C and weight-averaged

molar mass M,

(2.3)
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2.2.9. Atomic Force Microscopy. DNA-diblock copolymer complex solutions
(prepared the same way as for DLS experiments) were diluted 10 or 20 times with
filtrated Milli-Q water. Immediately 3-5 pL of the resulting solution was added
onto a clean hydrophilic 1x1 cm silicon or freshly cleaved mica wafer and left for 1-
2 min. Then it was washed with 500 pL of filtrated Milli-Q water to remove salts
and non-absorbed particles, followed by soaking up of excess water using a tissue
and slow drying under a nitrogen stream. Samples were analyzed using a Digital
Instruments NanoScope V equipped with a silicon nitride probe (Veeco, NY, USA)
with a spring constant of 0.32 N/m in ScanAsyst™ imaging mode. Images were
recorded between 0.488-0.965 Hz and 384-1024 samples/line. Image processing
was done with NanoScope Analysis 1.20 software. Contour length and long axis

length measurements were performed with Image] software.

2.3 Results and Discussion

2.3.1. Design of Protein Diblock Copolymers. In order to coat single DNA
molecules and avoiding inter and/or intramolecular bridging of DNA we propose a
diblock copolymer design that consist of a colloidal block and a cationic binding
DNA block (Figure 2.1A and 2.1B). The colloidal stability block has to be bulky and
large enough to confer strong stabilization without impeding binding and also
unable to promote DNA condensation. The cationic DNA binding block needs to
have a short length to avoid intra and intermolecular bridging of the DNA
molecules but long enough to bind DNA strongly. For the colloidal stabilizing
block we use an highly soluble and biocompatible collagen-like sequence, based on
our prior work (previously referred to as P4 block; denoted here as Cy-block), that
consists of approx. 400 amino acids (~36 kDa) and exhibits random coil structure
and not any self assembly properties in solution,”** Figure 2.1B and 2.1C). The
choice of the length of C,, is based on our previous work on self-stacking silk-like
polymers stabilized by C, blocks.* For the binding block, we chose a short stretch
of 12 cationic amino acids (denoted here as binding block By,) (Figure 2.1D).
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The length of the binding block, twelve cationic monomers still gives good
electrostatic DNA binding."” Two different binding blocks were produced: B*'* (12
lysines) and B**¢ (six histidine-lysine dyads), which could show a different (pH
dependent) binding profile. The long C; (~400 amino acids) and the short
Bi, blocks (12 positively charged amino acids) should make sure that the diblock
gives a thermodynamically stable coating of single DNA molecules, without any
bridging, in opposite to previous work that have found DNA condensation to some

extent (intramolecular bridging)."s **

For this design, we expect
thermodynamically stable single-DNA complexes, and not just complexes that are

kinetically stable," that is, at low concentrations or for a limited time.”

The binding blocks were placed at the C-terminus of the protein polymer to
ensure that any truncated proteins hypothetically resulting from premature
termination of transcription or translation do not bind the DNA. A Gly residue
was added to the C-terminus of the binding block to prevent exoproteolysis of the

basic amino acids by the P. pastoris homolog of Kex1 protease.”

2.3.2. Biosynthesis of Protein Polymers. The two protein diblock copolymers
were successfully produced using recombinant strains of yeast P. pastoris carrying
the artificial genes coding for the desired amino acid sequences. After differential
salt precipitation (see materials and methods) the intact C4-B¥*?and Cy-BH¥° were
recovered with a yield of up to ~1g/L (weight of lyophilized salt-free protein to
volume of cell-free medium). The precipitation steps were chosen in such a way
that autologous P. pastoris proteins and exopolysaccharides present in the
extracellular medium were not precipitated, but only the heterologous protein

polymer products were precipitated.

2.3.3. Molecular Characterization. Purity and molecular weight of C,-B*'* and
Cy- B¢ after purification were characterized using SDS-PAGE and MALDI-TOF
(Figure 2.2). SDS-PAGE showed well-defined single bands for both purified
diblocks that corresponded to the dominant bands in the lane of the harvested
medium. The molecular weight of the purified polypeptides as apparent from SDS-
PAGE (~98 kDa) did not correspond to the expected value (38 kDa).
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Figure 2.1. Protein diblock copolymer design and composition. (A) Gross structure (arrangement of
blocks) in the presently-used DNA-binding polymers. Green section is the hydrophilic polyamino
acid coil for colloidal stability. Red section is the cationic block for DNA binding. (B) Representation
of the protein diblock copolymer as a random coil, Ri: Hydrodynamic radius. (C) Amino acid
sequence of the colloidal stability block and (D) Amino acid sequence of the DNA-binding blocks.
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Figure 2.2 molecular characterizations of protein diblock copolymers. (A) SDS-PAGE: MM:
molecular weight marker, lane 1: C4-BK12 harvested medium at the end of the fermentation (10 pL
loaded), 2: Purified C4-BK12 (10 pg loaded), 3: C4-B(HK)6 harvested medium at the end of the
fermentation, 4: Purified C4-B(HK)6 sample (10 pg loaded). (B) MALDI-TOF of purified C4-BK12.

A probable cause for the reduced mobility is the small size of the amino acids in

the C, block and its very low content of hydrophobic amino acids, which leads to
poor binding of SDS.* In addition, the highly cationic character of the B block
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Figure 2.3. Electrophoretic mobility of pDNA-Protein diblock copolymer complexes on a 1% agarose
gel. The N/P ratio is indicated at the top. The solid line at the top indicates the starting position of
samples before electrophoretic migration and the dashed line at the bottom indicates the final
migration position of plamid DNA (pDNA) alone (N/P = 0). “sp” indicates band position of
supercoiled pDNA and “o.c.” open circular pDNA. The mobility of protein-DNA complexes was
drastically reduced at higher N/P.

might have been of influence. The minor upper band visible in purified C4-B*'*is

probably a remaining protein impurity.

The molecular weights of the diblock protein polymers produced by P. pastoris
were analyzed by MALDI-TOF. For C,-B¥" peaks at 19,304, 38,582 and 76,961 Da
were found, corresponding to M+2H, M+H and 2M+H, respectively. For C,-B*¥¢
19,225 and 38,428 Da corresponding to M+2H and M+H, respectively. These mass
values are in good agreement with the expected theoretical mass values ~38,407
and 38,461 Da for C;-B¥?and C4-B#®, respectively.

2.3.4. Electrophoretic mobility shift assay of DNA-protein complexes. Agarose
gel mobility retardation was used as an initial assay for the interaction between the
two protein diblock copolymers and plasmid DNA. Binding of the protein polymer
to the DNA changes the charge, size and shape (and thus, the electrophoretic
mobility) of the naked DNA into that of the DNA-polymer complex. Figure 2.3
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shows that the electrophoretic mobility of DNA is reduced when protein block
copolymers are added. At higher N/P (ratio of the amino groups of lysine side
chains in the binding block to the phosphates from DNA backbone) the effect
increases and saturates at about N/P =5. Although the net charge of the resulting
complexes was almost neutral at high N/P it never became positive. Each colloidal
stabilization block carries a net charge of about -5 under the conditions of the
agarose gel electrophoresis (pH 8) and thus, complete neutralization of DNA
charges with the C4-By; polymers will leave a net negatively charged complex. On
the other hand, it is possible that the coating cannot become dense enough to
neutralize all the charge even at high N/P. This behavior is similar to a reported
recombinant large protein carrying a short binding block, where total retardation
of the protein-DNA complexes was not observed either.”” Other recombinant
diblock copolymers using a short poly-lysine block and a large elastine-like
polypeptide were able to condense DNA even at N/P < 1, because of the ability of
elastine-like sequences to collapse.”” In contrast, neutral-cationic diblock polymers
with a smaller colloidal stabilization block and larger binding block were observed
to completely neutralize the DNA charge, or even reverse the mobility probably by
overcharging.'” '* *> As a control, we have verified that there is no mobility shift
when DNA is mixed with C, block alone (not shown).

2.3.5. Light Scattering Studies. Light Scattering was used to further study the
interaction between DNA and the protein block copolymers, since it is a
convenient technique that does not require any labeling in order to obtain the
hydrodynamic size of the complexes in solution and an estimate of their molecular
weights. Figure 2.4A shows the absolute intensity of scattered light or Rayleigh
ratio Rg, (see materials and methods) of the complexes as a function of the N/P
ratio. For both copolymers, the scattered intensity increased rapidly with increasing
N/P ratio in the range N/P < 1, and then saturated at N/P >> 1. The scattered
intensity of the fully covered DNA was about a factor 100 larger than that of the
naked DNA. For a rough estimate of the degree of coverage, it may be assumed that

the scattering at N/P>>1 is dominated by the complexes and that the contribution

37



Coating of Single DNA Molecules

Figure 2.4. Light scattering intensity and hydrodynamic radius for pPDNA-protein diblock copolymer
complexes formed at different N/P at 6 = 12.8°. A: Absolute light scattering intensity; broken line
means the predicted scattering of fully protein coated pDNA. B: Hydrodynamic radius of the
complexes. Closed red square: C4-BX'2complexes, blue circle: C4-BM9¢ complexes.

of excess free polymer to the scattering can be neglected. Assuming full charge

neutralization, the predicted molar mass M of a single coated DNA molecule is

M =(1+a)M,,,
1 M, (2.4)
o=—
n, M,

where Mpys and M, are respectively, the DNA and polymer molar mass, #, is the
number of base pairs covered by a single bound C,-B, polymer, and M, ~ 600 Da is
the average molar mass of a single DNA base pair (bp) without sodium
counterions. Assuming 1, = 6 bp (one C4-By; polymer per 12 DNA phosphate
charges or 6 base pairs), gives a = 10.7. In the limit of zero scattering angle and zero

concentration, the predicted absolute scattering intensity R, for the complexes is
R,=K,CM (2.5)

where C=(1+a)C,,, is the weight concentration of complexes, Cpya is the

weight concentration of DNA and M is as defined above. Literature values for the
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refractive index increments for dsDNA and the collagen proteins are within the
same range of dn/dc = 0.16 to 0.18 ml/g (see materials and methods). Using a single
average value of dn/dc = 0.17 for C4-By, gives a value of the Rayleigh constant of K
=2.105-10° mol m*kg™ (see materials and methods). Roughly speaking, both C and
M increase by a factor of about 10 when the DNA is coated by the protein polymer,
such that the light scattering increases by a factor of about 100, as observed. The

estimated absolute scattering intensity of R, =0.319 m" for charge neutral

complexes is indicated as a dashed line in figure 2.4A, and lies somewhat above the
saturating values for both types of complexes. In line with the results of the
electrophoretic mobility shift assay (Figure 2.3), this indicates that at saturation, for
both complexes, an important part, but not all of the DNA phosphate charges have

been neutralized by complexation with binding domains.

Figure 2.4B shows the effective hydrodynamic radii (Rs) determined using DLS,
as a function of N/P. The Ry, values correspond to a single diffusing species at each
N/P. For C,;-B™%, the size rapidly increases from 75 nm in the absence of polymer,
to 150 nm at N/P = 1.5. For C;-B¥"? + DNA, the final size is somewhat smaller, Rh =
135 nm at N/P = 1.5. These values are close to the reported for similar bulky
cationic polypeptides.”” For neutral-cationic diblock copolymers with longer
binding blocks, smaller solution sizes (<100 nm) have been reported, most likely
because of DNA condensation.”” The later was also found for elastine-like diblock
copolymers since their well known ability to collapse.”” Finally, for the individual
diblocks, in the absence of DNA, the scattered intensity was very low. The
hydrodynamic radius was 5.4 nm for C,-B¥?and 6.1 nm for C,-B®, These values

are consistent with the reported radius of gyration for C, of ~7 nm.**

It is important to note that the reported effective hydrodynamic radius Ry of the
complexes is calculated from a measured diffusion D constant assuming a spherical

particle size,
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Figure 2.5. Evolution of DNA-protein Ci-B¥2-pDNA nanoplexes disassembly at different salt
concentrations by dynamic light scattering (6 = 173°, N/P = 1.1). A: Intensity of scattered light of
nanoplexes at different salt concentrations. The large drop of intensity at [NaCl] = 0.4 M indicates
virtual total disassembly of nanoplexes. B: Light scattered intensity by size distribution of nanoplexes
at different salt concentrations. Small ~6 nm (indicated by an arrow) and large ~75nm peaks
correspond to free diblock copolymers and naked pDNA in solution, respectively.

k,T

=—L 2.6
67nR, 26

where ksT is the thermal energy, and 7 is the solvent viscosity. A 3.7kb supercoiled
plasmid, both with and without adhering diblock polymers, presumably is closer to
a rod-like than to a spherical particle. Assuming the diffusion of both naked and
coated supercoiled plasmid can be approximated by that of a cylindrical particle

with length L and diameter d, the predicted diffusion constant is:

_ Ak,T
3xnL 2.7)
A=In(L/d)+0.312+0.565/(L/d)-0.1/(L/d)*

This approximation was used by deRouchey et al. for short (rod-like) linear
DNA (<1kb) coated with cationic-neutral diblock polymers to extract an estimated
thickness d of the coated DNA, using the known length L."” For a very rough
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estimate of the effective thickness of the (coated) plasmid "cylinder", we use L = 629
nm, which is half the contour length of 3.7kb DNA (using a contour length per
basepair of 0.34 nm). Then, for uncoated DNA we find d = 12nm, which is not
unreasonable for the diameter of a plectonemic supercoil. For the fully coated
supercoils we find d = 87 nm (assuming R, = 135nm for C;-B¥?) and d = 112nm
(assuming R, = 150 nm for C,-B™¥%). We wish to emphasize that these are only
rough estimates of the hydrodynamic thickness of the coated supercoils. In
particular, the effect of the flexibility of the coated supercoils should be included

for a more precise determination.

2.3.6. Charge Screening by salt addition. To confirm that complexes are formed
due to electrostatic interactions, N/P =1.1 complexes were exposed to increasing
concentration of salt (NaCl) and their disassembly was followed using DLS (Figure
2.5A and 2.5B). These experiments were carried out at a larger scattering angle of
173°, corresponding to a larger value of the wavevector g (see materials and
methods) to allow for a more sensitive detection of the diffusion of the much
smaller free polymers. Figure 2.5A shows that the scattering intensity decreases
rapidly for salt concentrations between 0.1M and 0.25 M. Figure 2.5B shows the
size distributions as determined using DLS. The contribution due to diffusion of
free diblocks (R = 6 nm) starts to become visible at 0.25 M. The peak at around
100 nm most probably is due to the naked plasmid DNA, implying that at this salt
concentration, most diblocks are no longer bound to the DNA. Above 0.4M the
scattering intensity is constant and no polymers are bound anymore. These
experiments demonstrate that the complexation is clearly electrostatic in nature.
This also means that further tuning of the binding strength may be achieved via
changes of pH that affect the charge of the binding blocks. The design of the
binding block could, in that case, be tailored to specific pH-dependent behavior.

2.3.7. Atomic Force Microscopy. AFM studies in air were carried out to
determine the morphology of the complexes and to confirm that complexes consist
of individual DNA molecules coated by diblock copolymer. We have found that the

collagen-like C4blocks rapidly adsorb on the mica and silica surfaces that we have
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Figure 2.6. Atomic Force Microscopy images in air and height profiles of typical rod-like shape
nanoplexes formed between protein diblock copolymers and pDNA 3.7 kb on silica. A: C4-BX1%-
pDNA (N/P =2.2). B: C4-BM¢-pDNA (N/P = 1.5). Images sizes are 2x2 pm.

Figure 2.7. Atomic Force Microscopy image in air of linear dsDNA coated with Cs-BX'? protein
diblock copolymers at N/P = 1 deposited on mica. Contour length L = 1258 nm, height is 0.45 nm.
Scale bar represents 200 nm.

used as a substrate for AFM. Whereas naked DNA does not adhere on bare mica or
silica, all of the complexes did, without requiring divalent cations or poly-Lysine.
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This is advantageous because it excludes any possible influence of these additives
on the morphology of the adhering DNA complexes.”

Figure 2.6 shows typical images of C;-B¥?and C,-B™°-DNA complexes. In both
cases, the complexes are well-dispersed. They appear as semiflexible single rods of
regular shape. The average contour length of the nanoplexes is 649.4 + 15 nm for
Cs-B¥?and 624.7 + 29.3 for C,-BH9¢ (N = 20). The height for both complexes is
uniform with an average around 1 nm (1.07 £ 0.1 and 0.99 + 0.2 (N = 20) for Cy-
B¥? and C,-B™™, respectively). This indicates that the C, block lies flat on the
surface. The contour lengths for the complexes are very close to half the contour
length of the plasmid DNA, as expected for plectonemic supercoils. The length of
the pDNA is 3.7kb, which corresponds to a contour length of Lpna = 1258 nm,
assuming a length per bp of 0.34 nm.” This indicates that there is no

intermolecular DNA bridging.

For the plectonemic supercoils we cannot determine from AFM whether the two
strands are bridged or not. To check for bridging, we have therefore also imaged
complexes with linearized pDNA. A representative image of a Cs-B**-linearized
pDNA complex at N/P = 1 is shown in Figure 2.7. In this case the contour length of
the complex indeed matches the expected contour length of the naked DNA,
indicating that individual DNA molecules get coated, and that there is no

intramolecular folding due to bridging of the binding blocks.

A series of images of individual complexes at increasing values of N/P (for both
polymers) is shown in figure 2.8 and their average heights in Table 2.1. For both
polymers, the complexes become thicker, stiffer and more homogeneously coated
at higher N/P. At low N/P, the complexes appear to be thin and less rigid. The Cs-
BHYS-DNA complexes appear to be thicker at lower N/P as compared to Cs-Ki
complexes: N/P = 0.4 complexes of C,-B™ are similar to N/P = 1 complexes of
C4-B*2 Also, both types of complexes continue to increase in thickness for N/P >
1. The latter finding is in agreement with the light scattering and electrophoresis
results. Whereas at low N/P, occasionally we can still distinguish the two duplexes

of the superhelix, at higher N/P only a single thick fiber is observed. In the
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Figure 2.8. AFM images in air of complexes between single pDNA molecules and protein diblock
copolymers at different N/P ratios on silica, and height profiles. Top row images: Cs-BX'?-pDNA
nanoplexes; A) N/P = 0.95, B) N/P = 2.2,C) N/P = 8.3;the corresponding height profiles are at the top.
Bottom row images: Cs-BHUXS-pDNA nanoplexes; D) N/P = 0.4, E) N/P = 1.5, F) N/P = 8.5;the
corresponding height profiles are at the bottom. Scale bars and x-axes of height profiles correspond to
200 nm. Black bars are segments of height profiles.

polymer/DNA complex, the two duplexes of the superhelix may be either bridged
by the DNA binding blocks or not, but the resolution of the AFM images is not

sufficient to distinguish between these cases.

In conclusion, the AFM measurements are completely consistent with the light

scattering measurements and indicate that the complexes consist of individual
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Table 2.1. Average height profiles of protein-coated pDNA.

C4-BK12 C4_B(HK)6
N/P Height [nm] N/P Height [nm]
0.95 0.82 £0.18 0.4 0.87 £0.19
2.2 1.03+0.14 1.5 1.20 £ 0.15
8.3 1.06 £ 0.10 8.5 1.10 £ 0.12

DNA molecules, coated with diblock copolymers. Furthermore, the observed
heights are very uniform, which would not have been the case if there had been a

spread in the number of dsDNA chains per complex.

2.3.8. Numerical Estimates. DNA has two charges every 0.34 nm (every bp),
such that the bare linear charge density v of dsSDNA (elementary charges e per unit
length) is v = 5.9 nm™. The distance between two successive amino acids in a fully
stretched polypeptide (protein) chain is about 0.4 nm.* This agrees well with the
above-mentioned distance between two successive phosphate groups in the DNA
chain. If we assume that a single B;, block neutralizes 12 DNA phosphate charges,
the By, block covers an estimated length of dsDNA of Ay, = 2.0 nm. DNA-bound
diblock copolymers start to come into contact with each other when they are
bound at a spacing h along the DNA contour smaller than the coil diameter of the

C, block. This occurs at a critical spacing h* and critical degree of neutralization f*

h" ~2R~12nm
i i (2.8)
f ~=h,/h ~0.17
where R = 6 nm is the coil radius of the C; block, as determined using DLS. For
N/P > f, electrostatic binding of the diblock copolymers is opposed by steric
repulsion of neighboring C, blocks. As is clear from the experimental data, binding
continues to increase well beyond N/P = f, and this will lead to stretching of the C,
blocks (Figure 2.9). When the free energy penalty due to side-chain stretching
exceeds the binding free energy of the By, block, no more additional polymers are
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bound, even if not all of the DNA charges have been neutralized. Both the
electrophoresis and the static light scattering suggest that in the case of our diblock
copolymers this should happen at N/P > 8.

Side-chain stretching has been discussed extensively in the literature in relation
to so-called bottle-brush polymers, consisting of a main chain covered with
regularly spaced side chains (see the recent review of Hsu et. al.).*> Assuming good
solvent conditions, the scaling estimate for the degree of stretching of the grafted

side chains (each consisting of N segments of length [) is:

&mrm

; (2.9)
I'=N-—

h

where R, is the mean-square end-to-end distance of the stretched chain and R is the
mean-square end-to-end distance of the unstretched chain. Note that in the
absence of a numerical prefactor for this scaling estimate, it can only be used to get
order-of-magnitude estimates. Assuming [/ = 0.4 nm and N=400, we find
I'* 3.0, for the fully charge-neutral complex with h=F,.;, =2nm. This implies

that there is only moderate stretching.

Based on these estimates, one ideally would like to calculate the expected
thickness of a coated plectonemic supercoil (to be compared with the rough
estimate of D ~100nm obtained by DLS). This is not straightforward, however,
since the two coated duplexes of the plectonemic supercoil may be expected to
interact quite strongly (with some interpenetration of the polymer brushes), or
even show some bridging at high N/P. Clearly, more accurate determinations of the
DNA bottle-brush diameters and grafting densities are needed to resolve this

issue.!” 434
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Figure 2.9. Schematic representation of supercoiled DNA interacting with cationic-neutral diblock
copolymers. Thick black line is dsDNA, green circles are monomers of the colloidal block, red circles
are monomers of the binding block. Numbers do not match the actual number of monomers used in
this study. Left image: dilute brush h < R, where h is the grafting density and R is the (unstretched)
rms end-to-end distance of the neutral block. Right image: brush with stretched side chains, h < Rs
where R; is the rms end-to-end distance of the stretched side chains.

A further issue that is highly debated in the literature on bottle-brush polymers is
the stiffening of the main chain, induced by the side chains.”* Current simulations
suggest that at least for relatively short side-chains (N < 100) the contribution /,, of
the side chains to the total persistence length [, of dense bottle-brush polymer is
typically on the order of its radius R; (see Figure 2.9).” This would mean that for
rather short colloidal stability blocks, adhering diblocks can never straighten long
DNA to the extent that it becomes rod-like. On the other hand, according to
numerical self-consistent field calculations, very strong stiffening may occur for

densely grafted, extremely long side chains (N >> 1000):*

2
Zp,s z,u?N (2.10)

with a very small numerical prefactor, ¢z~ 0.02. For our case (again considering

the saturation case, full charge neutralization, h = 2 nm), the latter equation would
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imply /, ~100nm for a single coated dsDNA and /, ~2(/,,+1, ) ~300nm

for a coated plectoneme, assuming the two duplexes are both coated and are not

bridged, and using /,, 50 nm for the intrinsic persistence length of uncoated

dsDNA. This order-of-magnitude seems to be consistent with the nearly rod-like
shape of the fully coated 3.7kb supercoiled plasmid molecules in AFM. If we
consider the entire supercoil as a semiflexible object, its estimated persistence
length after coating would increase to about half of the total supercoil contour

length of about 650nm, implying that it should indeed appear as close to rod-like.

2.4 Concluding Remarks

The short binding block and long colloidal stability block of the protein
polymers that we have designed and produced play an important role in the
reliable coating of single dsDNA molecules that we observe. Effectively, they
prevent bridging and, hence, intramolecular folding and intermolecular
aggregation. Indeed, even during a six-day incubation, complexes of Cy-B¥2*-
dsDNA did not show any aggregation (See Appendix, Figure 2.10). This is in
agreement with coarse-grained simulations that have shown that a large colloidal
stability block interfered with the packing of single polyanion molecules.** The
increased stabilization could be because the C, block is highly hydrophilic and
relatively inert, which is a desired property for biomedical applications.”” Also, the
five negative charges present along the C, block could contribute to the
stabilization. On the other hand, the steric repulsion also affects the coating process
of DNA: once a certain density of diblock copolymers is bound to DNA, steric
repulsion starts to oppose the binding of further diblock copolymers. These
physical properties of C, block do not have any temperature dependence in
opposite to reported protein diblocks using as thermo-responsive elastine-like
sequences which condense DNA instead of just coating single DNA molecules

without any folding.”

The short length of the binding block contributes to the absence of bridging in
two ways. First, it leads to a high density of steric blocks along the DNA duplex.
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Second, the binding strength is not as high as for much longer binding blocks.
Hence binding competes less efficiently with the steric repulsion due to the
colloidal stability domain. As a consequence charge neutralization is incomplete
and the complex has a net negative charge.

In other studies, formation of monomolecular DNA complexes with diblock
copolymers carrying a larger binding block and a shorter protective block has been
achieved by combining either a low DNA concentration and/or short incubation
times.'” ' In this way, monomolecular DNA coating is expected to occur through
kinetic intermediates that ultimately will aggregate and/or fold over time in order
to decrease the total free energy. Indeed, it was observed that after 24h of
incubation at low temperature PEG-poly-Lys(17-19) diblock copolymers folded the
plasmid DNA (observed as a polydisperse population of multi-folded
monomolecular DNA thick rods) upon complexation.” * Even monomolecular
assembly using homo cationic poly-Lysine (19 - 117 amino acids) or poly-R-
Ornitine (227 amino acids) is attainable, but only at very low DNA concentration
(~3mg/L).***

The complexes formed between pDNA and our highly asymmetric diblock
copolymers showed rod morphology that resembles thin filamentous viruses along
large range of N/Ps. This remarkable property could be the used as initial step into
developing viral-mimetic polypeptides.* * This contrasts with DNA complexes
displaying shapes such as thick compact rods with multiple DNA molecules,
toroids or spheres attained with diblock polymers that carry a larger binding block
and longer shielding group.” > * A filamentous morphology has been proven to
give better stability against clearance and increased circulation time for in vivo

delivery.*

Coating DNA strands could have several applications in DNA nanotechnology,
such as DNA templating,’ translocation of stretched single DNA molecules
through nanopores,” and in non-viral gene therapy by giving protection against

DNAse degradation.” If further stabilization of the coating would be necessary,
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cross-linking of either the shielding block or the binding block could be

considered.’®5!

In conclusion, two artificial protein block copolymers, C;-B¥'* and C,-B*X5,
carrying a hydrophilic bulky colloidal stability domain and a short DNA binding
domain were produced as secreted monodisperse proteins in the yeast P. pastoris at
high yields. Owing to their bulky and rather stabilizing block and short binding
block, the polymers form a polymer brush around each single DNA molecule and
do not form bridges between different patches of the same DNA molecule or
between different DNA molecules. This results in semi-flexible protein-DNA
nanorods that are highly soluble and stable in time, each rod containing one single
DNA molecule. These DNA complexes could be very suitable in nanotechnology
and in novel functional biomaterials. The diblock copolymers presented here may
serve as scaffolds for further incorporation of functional blocks, for instance, to

develop viral-mimetic polypeptides.
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2.6 Appendix
Table 2.2. Complementary oligonucleotides sequences used to construct the B2
and BYX* binding blocks.
BX12 Amino acids: KKKKKKKKKKKKG*
FW 48bp | 5GTGGTAAGAAAAAGAAGAAAAAGAAGAAGAAGAAAAAGAAGGGTTAAG 3’
RW 55bp | SAATTCTTAACCCTTCTTTTTCTTCTTCTTCTTTTTCTTCTTTTTCTTACCACCGG 3°
B®HKS Amino acids: HKHKHKHKHKHKG*
FW 48op | 5 GTGGTCATAAGCACAAGCATAAACATAAGCATAAGCACAAAGGTTAAG 3
RW 55bp | 5 AATTCTTAACCTTTGTGCTTATGCTTATGTTTATGCTTGTGCTTATGACCACCGG 3

Figure 2.10. Atomic Force Microscopy images in air of typical rod-like shape nanoplexes formed
between C4-B¥'? protein diblock copolymer and dsDNA 2.5 kb at N/P = 2 deposited on mica after 6
days incubation at room temperature (phosphate buffer 10 mM, pH 7.4). Sample was prepared
similarly to that described in the methods section. The nanorods look well dispersed and intact even
when incubated for such a long time without any antimicrobial agent. Left image size is 2x2 um, right

one is 708x708 nm.
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Design of an Artificial Virus

3.1 Introduction

Virus particles are highly effective vehicles to deliver genetic material into
susceptible host cells.! The simplest of viruses consist of no more than a
polynucleotide genome encapsulated in a protective shell made up of multiple
copies of a single coat protein.”* Not surprisingly, there have been many attempts
to mimic this concept and to construct self-assembling virus-like particles.*>%”>10
A necessary condition identified for the successful in-vitro formation of infective
virus particles is precisely tuned co-operativity of the self-assembly process.>!"?
Natural viruses seem have this property, which is also highlighted by theoretical
models for their self-assembly," but to date it has not been explicitly incorporated
in any design of artificial viruses. We here rationally design a minimal viral coat
protein which does feature precise control over the co-operativity of its co-
assembly with nucleic acids. The design is inspired by the structure of the coat
protein of Tobacco Mosaic Virus (TMV), and based on requirements identified by
theories for its assembly.” Our biosynthetic artificial viral coat protein consists of
three simple polypeptide domains for nucleic acid binding, self-assembly and
shielding. In contrast to previous designs, we find highly co-operative, spontaneous
co-assembly with single DNA molecules into rod-shaped virus-like-particles
(VLPs). We confirm the validity of our design principles by showing that the
kinetics of self-assembly of our VLPs follows our previous model for TMV
assembly. Mature VLPs protect DNA against enzymatic degradation and transfect
HeLa cells with considerable efficiency, making them promising delivery vehicles
for nucleic acids, for example for gene therapy. In addition they are interesting
monodisperse one-dimensional templates for materials science. Being biosynthetic
and protein-based, our design paves the way for developing viruses that are
completely artificial and yet can replicate in a cellular host.*

3.2 Methods Summary

3.2.1. Production of Polypeptides. Genes coding for the proteins and recombinant

strains of Pichia pastoris were prepared using standard methods. Proteins were
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secreted into the medium during fermentation and purified from the filtered cell-
free medium by fractional precipitation. Dialyzed and freeze-dried proteins were
stored in sealed tubes. Purity and integrity was corroborated by SDS-PAGE and
MALDI-TOF MS.

3.2.2. Sample Preparation. DNA-protein complexes were prepared by mixing
aliquots of stock solutions of DNA (NoLimits Thermo Scientific, Waltham, MA)
and protein in buffer (10mM phosphate, pH 7.4, containing 0.1 mM DTT) at the
desired charge ratio N/P (molar ratio between positively charged NH, groups (N)
from binding block “B” to negatively charged POs; groups of the DNA template

(P)). Samples were incubated at room temperature.

3.2.3. Atomic Force Microscopy (AFM). 3-5 pL of sample ([DNA] = 1 pg/mL)
were deposited onto a clean silicon surface. After 2 minutes the surface was rinsed
with 1 mL of Milli-Q water to remove salts and non-absorbed particles, followed by

soaking up of excess water using a tissue and slow drying under a N, stream.

3.2.4. Cryo-Transmission Electron Microscopy (Cryo-TEM). Samples ([DNA] =
30 pug/mL) were prepared using a vitrification robot (FEI Vitrobot Mark III) using
grids R2/2 (Quantifoil Micro Tools GmbH, Jena, Germany) previously surface
plasma treated (Cressington 208 carbon coater). The cryo-TEM characterizations
were performed on a CryoTitan (FEI) equipped with a field emission gun operating
at 300kV and a postcolumn Gatan energy filter. Images were recorded using a
2kx2k Gatan CCD camera.

3.2.5. Electrophoretic Mobility Shift Assay (EMSA). DNA-protein samples
([DNA] = 15 ng/pL) incubated for 1.5h were electrophoresed in a 1% agarose gel
(95 min / 60V) using 1x TAE buffer (pH 8). Bands were visualized with ethidium
bromide.
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3.3 Results and Discussion

Viruses are among the simplest biological systems and can be considered a
testing ground for developing artificial life. Artificial viruses are potentially useful
as model systems for providing insights into natural viruses. They have biomedical
and biotechnological applications such as targeted delivery of nucleic acids in the

18 and as scaffolds in material science.'*'>!® In Nature,

context of gene therapy,
survival of viruses requires that a significant fraction of replicated viral genomes is
completely protected by coat proteins in infected host cells, based on just weak and
reversible protein-protein and protein-nucleic acid bonds. Co-operative binding,
e.g., through allostery, provides the mechanism for this.>'*'* A rational design of an

artificial virus must therefore hinge on the control of co-operativity.

In natural viruses, such as Tobacco Mosaic Virus (TMV), co-operativity arises
through allosteric conformational switching of the coat proteins upon binding
nucleic acid, often initially at specific origin-of-assembly regions. Indeed, taking
into account allostery and a specific origin-of-assembly region, we have recently
put forward a model that accurately describes the in-vitro assembly kinetics of
TMV.B

Based on these mechanistic insights, and inspired by the structure of the TMV
coat protein® we here rationally design a minimalistic artificial viral coat protein in
which each of three essential physicochemical functionalities of viral coat proteins
are encoded into simple polypeptide blocks. For nucleic acid binding we use an
oligolysine block called B¥" that binds sequence specifically through electrostatic
interactions.'” Precisely tuned co-operativity is provided by a silk-like sequence S, =
(GAGAGAGQ), that in solution folds and stacks into stiff filamentous
structures.’” The number of silk strands # dictates the level of co-operativity of
the binding of the protein and thus is our key variable. To prevent aggregation of
the assembled artificial virus particles we include a 407 amino acid-long
hydrophilic random-coil sequence called C, with a high fraction of prolines and
hydrophilic (mostly uncharged) amino acids.?® The latter block may be modified to
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Figure 3.1. Ilustration of the C4-S,-BX'? protein-based polymer design. Shown is the case of n = 10,
where BX'? is the C-terminal dodecalysine DNA binding block (in red), Sio is a tenfold repetition of a
beta-roll forming octapeptide S = (GAGAGAGQ) that constitutes the self-assembly block (in pink),
and Cy is a N-terminal 407 amino acid hydrophilic random coil block (in green).

encode other interactions with the environment as well. Polypeptides C,-S,-BX"
(shown schematically in Figure 3.1) with n = 0, 2, 4, 10 and 14 were produced
biosynthetically by expression in the yeast Pichia pastoris. For details on
production, purification and characterization see the Appendix section 3.6.1, Table
3.1, Table 3.2 and Figure 3.7.

We will now show that beyond a certain number of repeats # of the central block
S» our rationally designed artificial coat proteins behave in many ways as coat
proteins of natural viruses: binding to nucleic acids induces folding and stacking of
the blocks S,, which leads to the co-operative formation of compact, rod-shaped
virus-like particles (VLPs). Each of the VLPs encapsulates a single nucleic acid
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molecule. The assembly kinetics of the VLPs follows the theoretical model for
TMYV assembly kinetics that inspired the original design; inside the VLPs, nucleic
acids are protected against degradation by nucleases, and HeLa cells are transfected
by VLPs with an efficiency that is similar to that of current non-viral gene delivery
agents. Our design goes far beyond existing approaches for artificial viruses that do
not feature precise control over co-operativity.>”%%1%2122 Being purely biosynthetic
and protein-based, our VLPs can be a stepping stone to the development of a

completely artificial virus that self-replicates in a cellular host.*”

A small number of repeats of the central block S, is insufficient to induce the co-
operative formation of compact VLPs. Complexes of linear double stranded DNA
with polypeptides C4-S,-B¥'%, with n = 2, 4 have contour lengths that are exactly
equal to that of the dsDNA template, and retain much of its original flexibility
(Figure 3.2b-2c). These complexes have a ‘bottle brush’ structure that we have
previously found for the polypeptide Cs-So-B¥*? without the central block (Figure
3.2a): a single DNA chain surrounded by a dense array of pendant side chains
(thickness in solution around 15 nm, see Appendix Figure 3.8). Other groups have
also demonstrated non-co-operative coating of single nucleic acid molecules by
polymers featuring DNA-binding blocks in combination with large hydrophilic

shielding blocks.5!7:*1:22*

We do, however, achieve full co-operativity with C,-S,-B¥"* polypeptides for n =
10 and 14. In this case, rod-shaped VLPs are formed with contour lengths much
smaller than that of the DNA template, as shown in Figure 3.2d-2g (Appendix
Figure 3.9 and 3.10). Over a wide range of template lengths, DNA in VLPs is
compacted to about 1/3 of its original length (Appendix Figure 3.11 and 3.12).
From the solution molar mass of the complexes, we estimate that 95% of the DNA
phosphate charges are neutralized by compensating charges on binding blocks B
(Appendix Figure 3.13). Consistent with the idea that charge neutralization
determines the stoichiometry of the VLPs, the compaction factor found for single
stranded DNA is 1/6 (Appendix Figure 3.14). Similar to natural viral capsid
proteins, the VLP-forming polypeptides tend to form rod-like self-assemblies in
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Figure 3.2. Dependence of DNA + C4-Sa-B¥'2 polymer complex morphology on size # of the silk-like
self-assembly block. AFM and Cryo-TEM images of complexes with linear dsDNA (2,500 bp). (a-c) n
=0, 2 and 4: non-cooperative coating of DNA templates, charge ratios N/P = 10 (n = 0) and N/P =2
(n = 2 and 4), incubation time 1h. Contour lengths of complexes are close to that of the template
DNA (850nm): for, respectively, n = 0, 2, 4, contour lengths of complexes shown are 830 nm, 869 nm,
and 837 nm. (d-e) n = 10 and 14: formation of virus-like particles (VLPs). Charge ratio N/P = 7,
incubation time 24h. Contour lengths of VLPs shown in the images are 315 nm (n = 10) and 304 nm
(n =14). 1) and g) cryo-TEM images of VLPs for n = 10, N/P = 7, incubation time 24h. Scale bar in all
images is 300 nm.

the absence of a template as well, but only at much higher concentrations

(Appendix Figure 3.15).

Like natural viruses, the VLPs protect their nucleic acid cargo against enzymatic
attack and are capable of delivering their cargo into cells. To assess protection, we
incubated VLPs with high concentrations of DNAse I and analyzed the
degradation using agarose-gel electrophoresis. Conditions were chosen such that
no intact bare DNA was present after 1 minute of incubation. We find that the
complexes offer a protection that increases with the length # of the central block S,.
In particular, VLPs formed by C,-S,-B¥!* polypeptides with n = 10 and 14 resist
attack for times longer than 60 minutes (Figure 3.3). This suggests a link between
compaction and protection of the nucleic acids and the co-operativity of the VLP

assembly that we investigate in more detail below.
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Figure 3.3. Enzymatic Degradation Assay of pDNA Complexed with Proteins. a) Cs-Si14-B¥12, b) Cs-
S10-BX12, ¢) C4-S4-BX12, d) Cs-S2-BX12, €) Cs-So-BX'2 (or just Cs-B¥12) and f) naked DNA (first lane are the
molecular markers). Protein-DNA complexes were incubated with DNAsel for different times and
analyzed with agarose gel electrophoresis. The incubation time of complexes with enzyme in minutes
is indicated at the top.
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Figure 3.4. Transfection Efficiency of YGFP-pDNA complexed with different protein-based polymers
and standard non-viral transfection agents.

Transfection of cells by complexes of plasmid DNA with C4-S,-B¥? polypeptides
was tested for n =0, 2, 4, and 10. All complexes transfect HeLa cells and give rise to
the expression of a fluorescent reporter protein, with a similar efficiency as the
established non-viral delivery standards poly-ethyleneimine and Lipofectamine
2000 (Figure 3.4). Interestingly, we find that polypeptides without the central block
C4-Sy-B¥2 have the highest transfection efficiency and that it is somewhat lower for
VLPs based on C4-S1o-B¥'2. We speculate that the reduced transfection efficiency is
related to the more difficult disassembly that is concomitant with the increased
protection due to co-operativity and the associated compaction of VLPs. This ties
in with what is known about natural viruses that have to strike a balance between
the degree of protection and ease of disassembly.**

A defining test for co-operativity is “all-or-nothing”-type behavior.>>*® For in-
vitro assembly of viruses, this translates into the co-existence of fully encapsulated
and bare nucleic acids.> > Our AFM images of the early stages of the encapsulation
of DNA by C-S,-B show DNA that is either mostly empty or fully encapsulated
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Figure 3.5. Cooperativity of VLP formation for Cs-Sio-BX'> polypeptide. a) AFM image of
incompletely assembled virus-like particles (incubation time 1 hour) of Cs-Si-B¥'? with 2,500 bp
linear dsDNA at charge ratio N/P = 15, [DNA] = 1 pg/mL. Smaller objects are protein-only
assemblies (See Appendix Figure 3.15). Scale bar is 500nm b) Electrophoretic Mobility Shift Assay
(EMSA) for Cs-S1o-B¥"? interacting with 2,500 bp linear DNA (bottom), compared with that for Cs-
B¥2 diblock lacking the self-assembly domain (top). Charge ratio N/P for different lanes is indicated.
EMSA for C-Si-B shows coexistence of different types of complexes, but not that for the Cs-BX'?
control polymer.

(Figure 3.5a). Cooperative binding is confirmed by electrophoretic mobility shift
assays of DNA, incubated with increasing concentrations of polypeptide. For C,-S,-
BX!* we observe a single type of complex with gradually shifting mobility (Figure.
3.5b, upper panel), whereas for Cs-S1-B¥"%, complexes of high mobility co-exist
with complexes of low mobility (Figure 3b, lower panel). The latter indicates the
co-existence of empty and fully encapsulated nucleic acids and hence supports our

case for co-operative binding.

Nucleation of VLPs mostly occurs at one end of the DNA hence the ends of the
DNA act as an effective origin of assembly. The TMV model that motivated our
design should therefore be quantitatively applicable to the kinetics of our VLP
assembly. We have quantified the time evolution of the distribution of lengths of
condensed sections of VLPs from AFM images, and compared this with the
predictions of the aforementioned kinetic model (Figure 3.6a-c)."” The model

assumes that a first subunit, which binds to an origin of assembly on a linear array
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Figure 3.6. Kinetics of VLP formation. Top panel: representative AFM images of VLPs of 2,500 bp
linear dsDNA with Cs-S10-B¥'? polymers at a charge ratio N/P = 3, [DNA] = 1 yg/mL. Bar = 200nm.
Incubation times: a) 10 min b) 5h 50min c) 24h. Bottom row: size distributions of condensed sections
as determined from AFM images (grey bars) and fit to kinetic model of TMV self-assembly®” (black
symbols, solid black lines).

of binding sites, pays a free energy penalty h due to conformational switching,
while binding of subsequent subunits involves a favorable binding free energy, g. In
addition, bound protein subunits gain a free energy ¢ per bond due to favorable
protein-protein interactions. A comparison with our experimental data leads to
estimated parameter values of h—&=5.3k,7 for the effective penalty for
nucleation, and g+ & = —18k,7 for the effective binding free energy (Appendix
Figure 3.16). These values are very similar in magnitude to those found for TMV."
again emphasizing the striking similarity between the assembly of our artificial
VLPs and natural viruses such as TMV.
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3.4 Summary and Conclusion

Based on a current understanding of the self-assembly of natural viruses we have
rationally designed artificial viral coat proteins by combining multiple bio-inspired
functional blocks of low sequence complexity. These protein-based block-
copolymers® co-operatively form rod-shaped VLPs that protect the encapsulated
DNA and feature significant transfection activity. The capsids that our
polypeptides make are scaffold materials that could be optimized for targeted
delivery of nucleic acids,® and may act as monodisperse templates in material
science.'®**?® Qur generic protein-based block-copolymer approach can be used to
create many other intricate nanostructures.” Being completely biosynthetic, our
design for an artificial viral coat protein paves the way for the development of

completely artificial viruses that could self-replicate in a cellular host.*
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3.6 Appendix

3.6.1. Production, purification and characterization of protein-based polymers.
Restriction enzymes and T4 DNA ligase were purchased from NEB (Ipswich, MA)
or Thermo Scientific (Waltham, MA). GeneJET Plasmid miniprep kit and GeneJET
Gel Extraction and DNA Cleanup Micro Kit were purchased from Thermo
Scientific. Cloning of control protein C,-B¥? was reported previously.”” The
cloning of the proteins incorporating the self-assembly block were done

accordingly to the following procedure.

Cloning of Binding Block (B). A gene segment coding for binding block B (Table
S1) was prepared by annealing two complementary oligonucleotides (Eurogentec,
Belgium) in buffer 50 mM Tris-HCI containing 50 mM MgCl, 100 mM NaCl and
ImM dithioerythritol at pH 7.5 by heating at 95°C for 5 min and decreasing the
temperature slowly for two or three hours (same procedure for annealing of other
oligonucleotides). The resulting double-stranded segment was inserted into a
modified pMTL23 vector, presently denoted as pMTL23ABsal, from which the
normal Bsal site has been removed.* After digestion of pMTL23ABsal with Xhol/
EcoRI and ligation of the insert, pMTL23-A-Bsal-B was obtained

Cloning of Colloidal Stability Block (C,). A gene segment coding for the “C,”
block (Table S1) was obtained by digestion of the previously described vector
pMTL23-C4 (ref. 17, chapter 2) with Dralll/Van91l. A pMTL23-A-Bsal -adaptor
with restriction sites required for coupling of the C,-encoding segment to other
building blocks (Table S1) was prepared by annealing two complementary
oligonucleotides (Eurogentec, Belgium) and the double-stranded segment was
ligated into the Xhol/EcoRI-digested plasmid pMTL23-A-Bsal. After digestion of
the resulting pMTL23-A-Bsal-ad with Dralll and dephosphorylation, the C4
segment was ligated into it, so as to obtain pMTL23-A-Bsal-C4.

Cloning of Self-assembly Blocks (S,). A self-assembly block S, (Table S1) was
prepared by annealing two complementary oligonucleotides (Eurogentec,

Belgium); the resulting double stranded product was inserted into the Xhol/EcoRI
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digested plasmid pMTL23-A-Bsal to get pMTL23-A-Bsal-S2. In order to get
pMTL23-A-Bsal-S4, an Xhol/Banl-digested S, fragment from pMTL23-A-Bsal-S2
was ligated into previously Xhol/Bsal-digested pMTL23-A-Bsal-S2. Similarly, to
get pMTL23-A-Bsal-S6, an Xhol/Banl-digested S, fragment from pMTL23-A-Bsal-
S2 was ligated into previously Xhol/Bsal-digested pMTL23-A-Bsal-S4.

Cloning of CsS,. The vector pMTL23-A-Bsal-C4 was digested with Xhol/Banl
and the released insert was ligated into pMTL23-A-Bsal-S2/4/6, previously digested
with Xhol/Bsal. In this way, pMTL23-A-Bsal-C4-S2, pMTL23-A-Bsal-C4-S4 and
pPMTL23-A-Bsal-C4-S6 were obtained. The plasmid pMTL23-A-Bsal-C4-S10 was
obtained by ligation of an Xhol/Banl fragment released from vector pMTL23-A-
Bsal-C4-S6 into Xhol/Bsal-digested vector pMTL23-A-Bsal-S4. Plasmid pMTL23-
A-Bsal-C4-S14 was obtained in a similar way but using pMTL23-A-Bsal-C4-510
instead of pMTL23-A-Bsal-C4-S6.

Cloning of Cs-S,-B*'? and incorporation into expression vector pPIC9. To finally
obtain pMTL23-A-Bsal-C4-S2-K12, pMTL23-A-Bsal-C4-S4-K12, pMTL23-A-
Bsal-C4-S10-K12 and pMTL23-A-Bsal-C4-S14-K12, which code for the artificial
viral-coat polypeptides of this study, C4-S2, C4-S4, C4-S10 and C4-S14 segments
were released from pMTL23-A-Bsal-C4-S2, pMTL23-A-Bsal-C4-S4, pMTL23-A-
Bsal-C4-S10 and pMTL23-A-Bsal-C4-S14 by digestion with Xhol/Banl and
inserted into pMTL23-A-Bsal-K12 that had been previously digested with
Xhol/Bsal. The fragments encoding for all the polypeptides were released through
digestion of the corresponding plasmids with Xhol/EcoRI and ligated into the
correspondingly digested P. pastoris expression vector pPIC9 (Invitrogen). The
pPIC9 plasmid contains an HIS4 selectable marker, an alcohol oxidase 1(AOX1)
promoter/terminator cassette and a S. cerevisiae o-factor prepro secretory signal.
Sequences (Table S2) were verified by sequencing the plasmids. The plasmids
pPIC9-C4-S2-K12, pPIC9-C4-S4-K12, pPIC9-C4-S10-K12 and pPIC9-C4-S14-K12
were linearized with Sall and electroporated into P. pastoris strain GS115

(Invitrogen). The plasmid integrates into the genome through homologous
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Table 3.1. Oligonucleotide sequences used in cloning of the proteins.

Binding block (B¥'2)
Fw 5’tcgagggagctgecggtcteggtgctaagaaaaagaagaaaaagaagaagaagaaaaagaagggtegcctaag 3’

Rv 5’ aattcttaggcacccttctttttettcttcttctttttcttctttttcttagcaccgagaccggeagetece 3’
Self-assembly block (S-)

Fw 5’tcgagggagetgecggteteggtectggtactggtgctggtcaaggagecggtgctggagecggecaaggtgcectaag 3
Rv 5’aattcttaggcaccttggecggcetccageaccggetecttgaccageaccageaccageaccgagaccggeageteee 37
Adaptor (for Cs-block)

Fw 5’ tcgagaagagagaagctgaagctggttgtggtcteggtgetggtgcacccggtgetggtgectaag 3’

>

Rv 5’aattcttaggcaccagcaccgggtgcaccagcaccgagaccacaaccagettcagettetetette 3°

recombination at the his4 locus providing normal growth on methanol. The

presence of the genes was verified by PCR.

Fermentation and purification. Biosynthesis of protein polymers was performed
as described in ref. 17 except for small changes described below. Production was
carried out by methanol fed-batch fermentation performed in 2.5-L Bioflo 3000
fermentors (New Brunswick Scientific, Edison, NJ) during two or three days at pH
3.0. At the end of the fermentation, the cells were separated from the broth by
centrifugation for 15 min at 10000 x g (room temperature or 4 °C) in an SLA-3000
rotor (Thermo Scientific, Waltham, MA), and the supernatant was microfiltered
(0.2 pm, Pall Corporation, Port Washington, NY) and immediately stored at 4 °C
for subsequent purification. First, parts of the medium salts were removed from the
cell-free broth by adjustment of the pH to 8.0 with NaOH, followed by
centrifugation (20-30 min at 15000 x g at 4°C). Subsequently, the polypeptides
were selectively precipitated from the solution by adding ammonium sulphate to a
saturation of 45% for C4-S,-B*'* and C4-S4-B¥'?, and 50% for Cy-S10-B*"? and Cy-Sus-
BX12. After the addition of ammonium sulphate the cell-free broth was incubated
overnight at 4 °C, and subsequently centrifuged (15000 x g, SLA-1500, 30 min /
4°C). Pellets were resuspended in 300 ml of Milli-Q water heated at 60-65°C for 15
min (with frequent stirring) and precipitated overnight with ammonium sulphate

at 50% saturation at 4°C for all the proteins. After centrifugation at 15,000 x g for
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Figure 3.7. Molecular Characterization of Recombinant Proteins. A) SDS-PAGE, lane 1 Cs-B*'2, 2:
Cy4-S2-BX12, 3: C4-S4-BX12, 4: C4-S10-BX'2, 5: C4-S14-BX12, MM: Molecular markers. B) MALDI-TOF mass
spectrum of recombinant proteins displaying their measured molar mass.

~1h/4°C, the pellets of C4-S,-B¥"? and C,-S4-B¥'? were resuspended in 50 mL of
Milli-Q water, extensively desalted by dialysis against Milli-Q water (until
conductometry measurements were constant and similar to Milli-Q water) and

finally lyophilized.

The pellets for Cs-S10-B¥*? and C,-S,4-B¥'? were resuspended in 140 mL and 250
mL respectively. NaCl was added to 50 mM and acetone to 40% (v/v).
Supernatants were recovered after 35-50 min centrifugation at 11,500 rpm, and
4°C, and acetone was added to a final concentration of 80% (v/v). A precipitate was
formed and was recovered by centrifugation. After drying the pellets overnight in a
hood, they were dissolved in Milli-Q water with frequent mixing and continuous
heating at 65 °C for several minutes. Finally, proteins were extensively dialyzed
against Milli-Q water, lyophilized and stored in sealed tubes. Protein production
yields (mg of protein per litre of recovered cell free broth) were 524 mg/L for Cs-S,-
B¥2, 325 mg/L for C4-S4-B¥'%, 120 mg/L for Cy-S10-B¥'? and 94 mg/L for C4-S,4-BX'2.
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Table 3.2. Full Amino Acid Sequences of Recombinant Proteins from Gene

Sequences

C,-BX©2

MetRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFINTTIASIAAKEEGVSLE
KREAEAGPPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSP
GOPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSP
GSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQ
GNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQP
GEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGGKKKKKKKKKKKKG

C4-Sz-BK12

MetRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFINTTIASIAAKEEGVSLE
KREAEAGCGLGAGAPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSP
GNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGOPGONGOPGEPGSNGPQOGSQGNPGKN
GQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGS PGNPGQPGNEGQPGQPGONGQPGEPGSN
GPOGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGOPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQP
GONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGAGAGAGAGQGAGAGAGQGAKKKK
KKKKKKKKGA

C4-S4-BK12

MetRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLEFINTTIASIAAKEEGVSLE
KREAEAGCGLGAGAPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSP
GNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGOPGONGQOPGEPGSNGPQGSQGNPGKN
GOPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQOPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSN
GPOGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGOPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQP
GONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGAGAGAGAGQGAGAGAGQGAGAGA
GQGAGAGAGQGAKKKKKKKKKKKKGA

C4-810-BK12

MetRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPEFSNSTNNGLLFINTTIASIAAKEEGVSLE
KREAEAGCGLGAGAPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSP
GNOGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQOPGNKGSPGNPGOPGNEGQOPGOPGONGQPGEPGSNGPQOGSQGNPGKN
GQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQOPGNKGS PGNPGOQPGNEGQPGQPGONGQPGEPGSN
GPOGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGOPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQP
GONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGAGAGAGAGQGAGAGAGQGAGAGA
GQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAKKKKKKKKKKKKGA

C4-Sl4-BK12

MetRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFINTTIASIAAKEEGVSLE
KREAEAGCGLGAGAPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSP
GNQOGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQOPGNKGSPGNPGQOPGNEGQOPGOPGONGOPGEPGSNGPQOGSQGNPGKN
GQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGS PGNPGQPGNEGQPGQPGONGQPGEPGSN
GPOGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGOPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQP
GONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGAGAGAGAGQGAGAGAGQGAGAGA
GQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAG
AGQGAKKKKKKKKKKKKGA

Codes: a-factor prepro secretory signal, colloidal stability “C,” block, self-assembly “Sn” block and
cationic “BX'?” block.

Characterization. SDS-PAGE was carried out using the NuPAGE Novex system
(Invitrogen, Carlsbad, CA) with 10% Bis-Tris gels, MES SDS as running buffer and
SeeBlue Plus2 pre-stained molecular mass markers. 10 puL of protein solutions (10
mg/mL) were run. Gels were stained with Coomassie SimplyBlue SafeStain
(Invitrogen). Matrix-assisted laser desorption ionization time-of-flight mass
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spectrometry (MALDI-TOF MS) was carried out in an Ultraflex mass spectrometer
(Bruker, Billerica, MA). Proteins samples were prepared by the dried droplet
method. The matrix was made up of 5 mg/mL 2.5-dihydroxyacetophenone, 1.5
mg/mL diammonium hydrogen citrate, 25% (v/v) ethanol, and 1% (v/v)
trifluoroacetic acid on a 600 um AnchorChip target (Bruker). An external mass
calibration was done based on Protein Calibration Standard II (Bruker). The full
sequences of the proteins are listed in Table S2. SDS-PAGE and MALDI-TOF
results are displayed in Figure 3.7. SDS-PAGE shows well defined and thick bands
at the top of the gel. Proteins containing the C-block and, to a lesser extent,
variants of the S block containing ~ 12 mol-% negatively charged amino acids do
not run as fast as equally heavy marker proteins, because (1) they contain a large
amount of light amino acids (and thus a longer chain corresponds to a specific
Mw) and (2) they have a high content of hydrophilic amino acids that bind to SDS
poorly.” MALDI-TOF revealed a good agreement with the expected theoretical
molecular weight of the proteins (Protein C4-B*'* MW, = 38,407.8 Da and MW,
= 38,608 Da), Cs-S,-B¥> MW peo = 40192.6 Da and MWry, = 40,315 Da), C,-S4-B*2
(MWrheo = 41331.8 Da and MWry, = 41,458 Da), Cy-S10-B¥'? (MW neo = 44,749.2 Da
and MWgy = 45,160 Da) and Cy-Si4-B¥? (MW, = 47027.5 Da). The small
increment in the size of the proteins could be due to extra EA repeats left after
removing the a-mating sequence required to export the expressed protein into the

medium.'®

3.6.2. Fluorescence Correlation Spectroscopy. The hydrodynamic diameter of
the polymer brush around DNA due to complexation with the C4-B¥!? polymer was
determined using Fluorescence Correlation Spectroscopy. Complexes were formed
between a short linear fluorescently-labelled dsDNA (348 bp) and Cy-B¥% The
DNA fragment has a contour length of ~118 nm, which is about twice the
persistence length (~50 nm) of dsDNA, such that these fragments diffuse as rigid
rods in solution. Any decrease in the translational diffusion constant as a a
consequence of complexation with the C,-B¥!? protein can then be attributed to an
increase of the effective hydrodynamic diameter of the complexes, due to the
presence of the polymer brush.
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Figure 3.8. Hydrodynamic diameter d of protein brush around dsDNA when coated with Cs-BX!?
diblock polymer.

Production of the fluorescently labeled dsDNA. Fluorescent dSDNA was produced
by PCR using a Fw primer labelled with the photo stable fluorescent label Alexa-
488 (Eurogentec, Belgium). The PCR produced dsDNA fragment was purified
through agarose gel electrophoresis. The band with the fluorescent dsSDNA was cut
out the gel and recovered with a GeneJET Gel Extraction Kit (Thermo Scientific).
The concentration of the DNA was determined using the nanodrop at 260nm. The

fluorescence due to Alexa-488 dye at this wavelength was negligible (<4%).

Fluorescence  Correlation — Spectroscopy. A  confocal microscope type
Confocor2/LSM510 microscope (Carl Zeiss, Jena, Germany) was used. For
calibration purposes a 2 pg/L Rhodamine 110 solution (diffusion coefficient 4.40E-
10 m?/s) in 10 mM sodium phosphate buffer pH 7.4 was used with laser power of
10%. This concentration is low enough to observe predominantly single molecules
passing through the confocal volume. 200uL of sample were prepared with a
labelled-DNA 348bp concentration of ~3ng/uL in 10mM of sodium phosphate
buffer pH7.4 and increasing concentrations of the protein. The samples were
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incubated for about 40 minutes before measuring. The samples were deposited in
400uL cuvettes (Lab-Tek Chambered #1.0 Borosilicate Cover Glass System, 155411,
8 chambers). The samples were excited with an argon laser at 488nm (5% laser
power). A dichroic mirror of 488/633 and a pinhole of 70um were used. Each
sample is measured for 30 seconds and the measurement is repeated 20 times,
without time intervals in between the repeats. The fitting of the autocorrelation
functions was done using a FFS data processor (Scientific Software Technologies
Centre, 64bit, product version 2.3). Fitted translational diffusion constants D, were

related to the effective diameter d of the rod-like complexes as described before:*

p, = AT 3.1
3xnL

0.565 0.1

(L/d) (L/dy

A—ln(§)+0.312+ (3.2)

where L is the length of the template dsDNA, kg is the Boltzmann constant, T is

absolute temperature, and 7 is the viscosity of the medium.

From the experimental diffusion constant for dsDNA alone a bare diameter
d=3.0 nm was found, close to the accepted value (2.4 nm) for dsDNA in solution.
For increasing coverage of the DNA with the C,-B*" protein, the diameter of the

complexes increases to a saturation value of d=15 nm (Figure 3.8).

3.6.3. Atomic Force Microscopy. Samples were analyzed using a Digital
Instruments NanoScope V equipped with a silicon nitride probe (Bruker, MA,
USA) with a spring constant of 0.4-0.35 N/m in ScanAsyst™ imaging mode.
Images were recorded between 0.488-0.977 Hz and 384-1024 samples/line. Image
processing, height and diameter measurement was done with NanoScope Analysis
1.20 software. A first order flattening was used for all the images. Contour length
measurements were performed using Image] software. Samples were prepared by
mixing freshly prepared protein stock solutions in water (0.5 - 2 mg/mL) with
DNA stock solution with 10x phosphate buffer (100 mM, pH 7.4, prepared from
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Figure 3.9. Additional AFM images of complexes of dsDNA with C4-Sa-B¥'? polymers. a) C4-B¥'? +
linear dsDNA 3.7 kbp, N/P = 1, incubation time 90 min (Lcomplex = 1245 nm, Lvare = 1258 nm); b) Cs-
S2-BX12 + linear dsDNA 3.7 kbp, N/P = 2, incubation time 90 min (Leomplex = 1305 nm, Lbare = 1258
nm, ¢) Cs-S4-B¥'? + linear dsDNA 2.7 kbp, N/P = 8, incubation time 90 min (Lcomplex = 885 nm, Liare =
913 nm), d) Cs4-S10-BX"? + linear dsDNA 2.5 kbp, N/P = 7, incubation time 24h (Lcomplex = 315, nm Liare
= 850 nm) and e) Cs-S14-B¥'? + linear dsDNA 2.5 kbp, N/P = 7, incubation time 24h. (Leomplex = 304
nm, Lvare = 850 nm). Complexes were deposited on ultraflat silica wafers and dried before imaging.

NaH,PO,H,0 and Na,HPO,2H,O of analytical grade purchased from Merk), 10x
digested and dephosphorylated purchased from Thermo Scientific). The
concentration of DNA was determined using a Nanodrop ND-1000
spectrophotometer (Thermo Scientific). Protein-DNA samples for AFM imaging
were prepared usually in the following way: 3-5 uL of sample ([DNA] = 1 pg/mL)
were deposited onto a clean silicon surface. After 2 minutes the surface was rinsed
with 1 mL of Milli-Q water to remove salts and non-absorbed particles, followed by
soaking up of excess water using a tissue and slow drying under a N, stream.
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Figure 3.10. Cryo-TEM images of Ci-Si-BX'? complexed with 2.5 kbp linear dsDNA. DNA
concentration 30 pg/ml, charge ratio N/P = 7. a) Overview of sample on TEM grid. Scale bar 500 nm.
b) scale bar 300 nm. c) and d) Single VLPs, scale bar 300 nm. ¢) Scale bar 25 nm.

Additional images of complexes of linear dsDNA and the protein-based polymers
are shown in Figure 3.9. Heights of the complexes increase with the number of self-
assembly units S, from ~1 nm for C4-B¥'%, to ~1.3 nm for C,-S,-B¥'? and C,-S4-B¥"?
and finally to ~3 nm for C,-S,0-B*'> and C,-S14-B¥'*. Dithiothreitol (1 mM, analytical
grade, Sigma) and MQ-water to the desired volume and charge N/P ratio (molar

“BKIZ” to

ratio between positively charged NH, groups (N) from binding block
negatively charged PO; groups of the DNA template (P)). Linear dsDNA stock
were either NoLimits™ DNA fragments (0.3, 1.2, 2.5 and 8.0 kbp, 0.5 pg/mL,

Thermo Scientific, Waltham, MA) or 3.7 kbp linearized plasmid DNA (prepared by
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Figure 3.11. Dependence of Virus-like particle size on length of DNA template. Top row, AFM
images of complexes of Cs-S10-B¥'? and linear dsDNA A) 0.3 kbp, B) 1.2 kbp, C) 2.5 kbp, D) 8.0 kbp,
E) C-Si0-B protein only control. Bottom row, AFM images of complexes of Cs-B¥'? diblock with
linear dsDNA. F) 0.3 kbp, G) 1.2 kbp, H) 2.5 kbp, I) 8.0 kbp. Scale bar is 300 nm.

Figure 3.12. Average contour lengths of DNA-polymer complexes versus length of DNA template in
bp. a) Green squares: C4-BX'2 diblock polymer, Blue circles: Cs-S10-B¥'? triblock polymer. Dotted lines
are linear fit used to determine the average packing factor, black solid line is the contour length of the
template DNA. b) Packing factor of complexes (contour length of complex/contour length of
template DNA) versus length of DNA template. Green squares: C-B diblock polymer, blue circles: Cs-
S10-BX12 triblock polymer. Dotted lines indicate the average packing factor.

digesting pDNA from bacterial source, miniprep kit, Thermo Scientific and
purified with a GeneJET Gel Extraction and DNA Cleanup Micro Kit, Thermo
Scientific) or 2.7 kbp linearized plasmid DNA (pPUC/BamHI, digested and
dephosphorylated purchased from Thermo Scientific). The concentration of DNA
was determined using a Nanodrop ND-1000 spectrophotometer (Thermo
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Scientific). Preparation of protein-DNA samples for AFM imaging were prepared
usually in the following way: 3-5 pL of sample ([DNA] = 1 pg/mL) were deposited
onto a clean silicon surface. After 2 minutes the surface was rinsed with 1 mL of
Milli-Q water to remove salts and non-absorbed particles, followed by soaking up
of excess water using a tissue and slow drying under a N, stream. Additional
images of complexes of linear dsDNA and the protein-based polymers are shown
in Fig. S3. Heights of the complexes increase with the number of self-assembly
units S, from ~1 nm for C-B, to ~1.3 nm for C-S,-B and C-S,-B and finally to ~3
nm for C-S;o-B and C-S,4-B.

3.6.4. Cryo-TEM Images of Polymer + DNA Complexes. Samples ([DNA] = 30
pg/mL) were prepared using a vitrification robot (FEI Vitrobot Mark III) using
grids R2/2 (Quantifoil Micro Tools GmbH, Jena, Germany) previously surface
plasma treated (Cressington 208 carbon coater). The cryo-TEM characterizations
were performed on a CryoTitan (FEI) equipped with a field emission gun operating
at 300 kV and a postcolumn Gatan energy filter. Images were recorded using a
2kx2k Gatan CCD camera.

3.6.5. Dependence of Virus-like Particle Size on Length of DNA Template.
Linear dsDNA [1 pg/mL] of different lengths (0.3, 1.2, 2.5 and 8.0 kbp) was
incubated for 1h at N/P = 10 with C4-S1-B¥'? and C,-B*'* proteins and complexes
were imaged using AFM (Figure 3.11a-d and Figure 3.11f-i). At conditions used for
the AFM experiment, the C,-S;0-B¥"? protein-only control shows short micelles
with a length of around 40 nm (Figure 3.11e).

Lengths of the complexes were measured from the AFM images. For the longest
DNA (8.0 kbp DNA) nucleation of VLP formation in most cases occurs at multiple
sites such that the final complexes have a branched structure. For this case, the
lengths of all arms were summed up. Average lengths of complexes are plotted
against the theoretical contour length of the bare DNA template in Figure 3.12a.
The corresponding packing factors (length of complexes/contour length of DNA
template) are shown in Figure 3.12b, as a function of the contour length of the
DNA template.
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3.6.6. Static Light Scattering Polymer + DNA Complexes. Static light scattering
experiments were performed using an ALV-125 goniometer, combined with a 300
mW Cobolt Samba-300 DPSS laser operating at a wavelength of A = 532 nm, an
ALV optical fiber with a diameter of 50 mm, and an ALV/SO Single Photon
Detector. Temperature was maintained at 25 + 0.1 °C using a Haake F8-C35
thermostatic bath. Measurements were taken at multiple scattering angles 0

ranging from 20° to 130°, corresponding to scattering vectors g given by:

47m,

q= sin(@/2) (3.3)

where n, = 1.333 is the refractive index of the aqueous solvent. Absolute
scattering intensities (Rayleigh ratio's) Ry were calculated from the relative
scattered intensities of the sample (Lampe), solvent (Lywenr) and toluene

reference(Iioene) according to:

_ ]sample(g) - Isolvent(e) n_sz

0 2 toluene
Itoluene(g) ntol

(3.4)

The absolute scattering of the reference toluene is Riyuene = 2.10 x 10° m™ and the
toluene refractive index is Myomene = 1.496. At sufficiently low concentrations, particle
interactions can be neglected. Then, in the limit gR, << 1, the absolute scattering
intensity for a solution with objects of molar mass M and gyration radius R, at a

weight concentration C is given by
R, =K,CM(1-1(qR,)* +...) (3.5)

where the Rayleigh constant Kk is given by

2 2 2
K, =27 (@) (3.6)
AN ,, \dc
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Figure 3.11. Static light scattering of C4-S10-B¥'? complexed with 2.5kb linear dsDNA, cona =
0.535nM, N/P = 3. Absolute intensity Ry versus square of the magnitude of the wavevector g. Symbols:
experimental data, solid line, fit to Eq. (S8). The fit corresponds to a number of proteins per VLP of N
= 40010, and a gyration radius Rg= 95 +7nm.

where dn/dc is the refractive index increment of the scattering objects. Strictly
speaking, in order to determine solution molar masses and radii of gyration an
extrapolation to zero concentration is required, but for self-assembling objects this
is problematic since dilution may affect the composition and hence the molar mass
and gyration radius of the complexes. Here we use a single low concentration to
estimate the molar mass of C;-S;0-B*"> + DNA complexes at one specific solution
condition. The linear DNA that was used had a length of 2.5kb. Composition of the
samples was Cpxa = 0.83 pg/ml or cpna = 0.535nM at a protein/DNA ratio (in terms
of binding block charges over DNA phosphate charges) of N/P = 3. The absolute
scattering as a function of scattering wavevector is shown in Figure 3.11. It was
verified that the scattering of a control sample with the same concentration of
protein but in the absence of DNA gave a very low scattering intensity, comparable
to the scattering of the solvent, and negligible with respect to the scattering of the
complexes. Therefore, the scattering is dominated by that of the complexes. The
number concentration of complexes is equal to the number concentration of DNA
templates, i.e. cpna. On the other hand, the mass of the complex is dominated by
the mass of the proteins in the complex, i.e.
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complex ~ NMO (37)
where M, = 45 kg/mol is the molar mass of the C,;-S;-B¥? protein-based
polymer. Therefore, from the light scattering data, we extract the gyration radius R,

and number of proteins N per complex, using
Ry = Kcpy,MiN*(1-1(qR,)* +...) (3.8)

Since the mass of the complexes is dominated by that of the proteins in the
complex, the relevant value for the refractive index increment is that of Cy-S;o-B*"2.
Typical values for proteins are in the range dn/dc = 0.16-0.18 cm® g and here we
use a value of dn/dc = 0.17 cm® g''. From the solid curve shown in Figure 3.11 we
deduce the following estimates: R,= 95 + 7nm and N = 400 + 10.

Assuming full charge stoichiometry of the complexes, the predicted number of
proteins per complex is N = 417 (one protein per 6bp of dsDNA). Hence the
experimental estimate shows that the complex stoichiometry is close to that

expected for complete charge neutralization.

Furthermore, the gyration radius of a rod with length L and diameter d, is given
by

dZ L2
ST
(3.9)

From AFM the average length of the VLPs is 1/3 of the contour length, or L =
283 nm for 2.5kb DNA. Assuming a diameter d = 15nm as determined for
complexes of DNA coated with the C-B diblock polymer using FCS (Figure 3.8),
the expected radius of gyration for the VLPs would be R, = 82 nm, which is close to
the value estimated from the light scattering experiment.

3.6.7. Virus-like Particles Formed with ssDNA. Linear ssDNA derived from
M13mp18 virus (7249 nt, Thermo scientific) was complexed with Cs-S;o-B*
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([DNA] = 1pg/mL, incubated time 26h, N/P = 11) and imaged using AFM
(Figure 3.12). As for the case of 8kb dsDNA, nucleation of VLPs formation in
many cases occurred at a few sites per molecule such that the final structures are
typically branched. For each complex, the sum of the length of all branches was
measured. The average total encapsulated length of was found to be 413 + 72 nm.
This corresponds to a packing factor of 6.1, since the contour length of M13mp18
ssDNA is 2516 nm.

3.6.8. Self-assembly of Protein-based Polymers in the Absence of DNA
Template. Dynamic Light scattering on dilute solutions of both C,-S,o-B*** and C;-
S1+-B¥? (in the absence of nucleic acid template) shows coexistence of free
polymers (hydrodynamic radius approx 8 nm) and small aggregates
(hydrodynamic radius 40-80nm). Above a critical concentration, both the fraction
of aggregates and their size increase sharply. For Cs-S;o-B¥? the critical
concentration is approx 80 uM (or 3.6 mg/ml), whereas for C4-Si4,-B¥'* it is around
12 uM (or 0.56 mg/ml). AFM and cryo-TEM images of C4-Si-B¥"? are shown in
Figure 3.13b. (AFM, 5 mg/ml, incubated for 2 days) and Figure 3.13c (cryo-TEM,
2.5 mg/ml, incubated for 7 days). The images clearly show that at high
concentrations, the C,-S1p-B*'* polymers also tend to form rod-like assemblies in
the absence of DNA template. AFM and cryo-TEM images were used to construct
histograms of the length distributions of these rod- like assemblies (N = 100
samples for cryo-EM, N = 201 samples for AFM, image analysis was done using
Image]). As shown in Figure 3.13a (upper panel), the rod-like assemblies have a
typical length of around 100 nm.

VLPs were typically studied at an excess of Cy;-S,-B¥"* polymers over DNA
template (in terms of the charge ratio N/P) such that it may be expected that VLPs
should coexist with protein-only assemblies. Conditions for AFM were such that
the excess polymer concentration was always much lower than the critical
concentration for Cy-S,o-B¥"* self-assembly referred to above. For this case, AFM

imaging shows that VLPs coexist with occasional smaller protein-only structures.
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Figure 3.12. AFM image of VLPs formed by complexation of ssDNA from M13 virus with Cs-Sio-BX!?
polymer. Scale bar 500nm. The average total encapsulated length for the M13 ssDNA was found to be
413 + 72 nm. This corresponds to a packing factor of 6.1, since the contour length of M13 ssDNA is
2,516 nm.

Figure 3.13. Self-assembly of C4-S10-BX'? in the presence and absence of DNA template. a) Top panel:
length distributions of rod-like protein-only assemblies. Blue: from cryo-TEM images for sample at
concentration of 2.5 mg/mL, incubation time 7 days. Green: from AFM images for sample at
concentration of 5 mg/mL, incubation time 2 days. Bottom panel: length distributions from cryo-
TEM for sample Cs-S10-B¥'? + linear dsDNA 2.5 kbp. DNA concentration 30 pg/ml, charge ratio N/P
=7 (corresponding to a C4-Sio-B¥'? concentration of 2.5 mg/ml). Representative cryo-TEM images of
this sample are shown in Figure 3.2f and 3.2g and in Figure 3.10b) Representative AFM image of
protein-only assemblies scale bar 600 nm c) representative cryo-TEM image of protein-only
assemblies, scale bar 100 nm.
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On the other hand, cryo-TEM imaging of VLPs was done at much higher
concentrations, and as expected, shows a clear coexistence of VLPs with a
significant fraction of shorter protein-only rods. The two species are easily
distinguished by their length, as is also evident from the bi-disperse length-
distribution obtained from cryo-TEM images of complexes of 2.5kb linear dsSDNA
with the C4-S;0-B¥'* polymer shown in Figure 3.13a (lower panel).

3.6.9. Protection Against Enzymatic DNA Degradation by Protein-based
Polymer. Protein-DNA complexes were incubated for 1h at room temperature
with pDNA (2,640 bp) [DNA] = 20.5 pg/mL (N/P = 8.5). After, approximately 1puL
of the enzyme DNAse I (RNAse free , Thermo Scientific) 0.055 U was added to 35.5
uL complexes dissolved in reaction DNAse I buffer (100 mM Tris-HCI, pH 7.5,
25 mM MgClL, 1 mM CaCl,) for a final [DNA] = 17.9 pg/mL and immediately
incubated at 25°C using a thermo block. Aliquots of 3.5 pL were taken at different
times and mixed with 3.5 uL of EDTA 50 mM. After adding loading buffer (6x)
they were electrophoresed in agarose gel 1% at 100V for 45 min. DNA bands were
visualized using ethidium bromide. The agarose gels showing the bands are shown
in figure 3.3. No intact naked pDNA is present anymore after 1 minute of
incubation, whereas when complexed with C,-S;0-B¥'* and C4-S14-B¥*? polymers, a

significant fraction of DNA was still intact after 60 minutes of incubation.

3.6.10. Transfection by DNA-polymer Complexes.

Cell culture conditions. HeLa cells were grown as monolayers in RPMI-1640
medium, supplemented with 10% fetal calf serum (fcs) and 200 mM L-glutamine,
at 37°C, in a humidified atmosphere containing 5% CO,. Cells were passaged after
2 days or when at 80-90% sub-confluency.

Transfection. Proteins C;-B¥'2, C4-S,-B¥'2, Cy-S4-B¥? and Cy-S1-B¥"? were
incubated with plasmid DNA encoding for yellow fluorescent protein (YFP-
pDNA), at N/P = 6, for 1 hour to form the relevant complexes. Complexes (60 ng
pDNA) were then incubated for 2 hours, in a 24-well plate, with HeLa cells (4x10°
cells/well/ml) at a final 10 uM concentration, in RPMI-1640 medium
supplemented with 10% fcs. Equivalent concentration of free YFP-pDNA and
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complexes formed with PEI (branched, 25 kDa, N/P = 6) and Lipofectamine 2000,
containing the same amount of YFP-pDNA as protein complexes, were used as
controls. After incubation, cells were washed twice with HBS and fresh culture

medium was added.

Expression of YFP was assessed after 2 days by flow cytometry, using a Becton
Dickinson FACScalibur flow cytometer and fluorescein detector. Data were

analyzed using Weasel (WEHI, version 30114win). Results are shown in Figure 3.4.

3.6.11. Theory of Nucleated Linear Self-assembly of Virus-like Particles. The
assembly model that we invoke to rationalize our experimental data for the kinetics
of VLP growth is identical to the one that we recently proposed for the co-assembly
of the coat proteins (or coat protein assemblies) and the ssSRNA of tobacco mosaic
virus.” It hinges on a pathway characterized by the sequential addition of protein
subunits starting from a so-called origin of assembly sequence (OAS) on the single-
stranded RNA of the virus.? The first subunit, which binds to the first of a linear
array of g binding sites, pays a free energy penalty upon adsorption due to
conformational switching, h>0, whilst all adsorbed subunits gain a binding free
energy, g<0, driven by coulomb interactions, hydrophobic interactions and
hydrogen bonding between different moieties on the subunits and the ssRNA. The
conformational switching of the second, third, etc. protein unit is presumed to be
catalysed by the first one by way of allosteric effect, so no free energy penalty is
required for those, this can be considered as absorbed in the net binding free
energy, g In addition, the bound protein subunits gain a free energy, € < 0, per
bond due to favorable protein-protein interactions. Here, all free energies are in

units of thermal energy, k5T.

The combination of sequential adsorption and protein-protein interactions
makes this model much more cooperative than the well-known McGhee-von
Hippel model that allows random adsorption of the proteins units on the one-
dimensional template.*** Based on our model, which is a variant of Kittel’s
molecular “zipper” model,* we set up our kinetic (reaction) equations with on and

off rates that are related to each other due the condition that under conditions of
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steady state the equilibrium (Boltzmann) distribution of proteins on the templates
must be obtained. We, in principle, allow the on rate of the very first protein bound
to be different from the subsequent ones. For simplicity we presume in the present
paper, there to be only one rate constant, K, so the first and subsequent on rates are
set to be equal. For a discussion why this is a sensible approximation, we refer to
our previous work.”” There we also discuss the importance of knowing “zero time”,
i.e. the time it takes before the first data are recorded following the quench or
mixing of components. As it is not known exactly, this introduces an additional

parameter: the time the first data are taken, 1.

As already alluded to, the quasi one-dimensional model presumes that there are

q binding sites for the protein subunits. Two important model parameters are the
mass action variable § = gopK where @, is the mole fraction of proteins in the
solution and K =exp(—g —¢&) is a dimensionless association constant, and the
cooperativity parameter o =exp(& —4) . Another one is the stoichiometric ratio,
y=qp;/ ®,, where p; is the mole fraction template molecules. For TMV the

template is ssRNA, whilst in the present case it is dSSDNA. The stoichiometric ratio
enforces mass conservation. If y << 1 there is excess protein in the solution, which
is numerically the most straightforward to deal with, and is the limit investigated in
detail in ref. 20. We shall invoke this limit here too, even though not strictly valid in
our experiments as ¥ = 0.324 (for N/P = 3). However, for small times, the limit of
vanishing stoichiometry always applies as little of the background solution is then
depleted by adsorption onto the template. For TMV we found the model to
accurately describe the time evolution of the length of ssRNA covered by coat
proteins.”® The model also describes the assembly kinetics data on our artificial
virus reasonably well. The full comparison (for all incubation times that were are
analyzed) is shown in Figure 3.16. The figure in the main text (Figure 3.6) shows

these same results for a selected number of incubation times.

To obtain the fit corresponding to Figure 3.16, we have calculated the average
coverage per dsDNA molecule from the experimental data at the first and last time

step of the time measurement series. The template length g is set to 417, because on
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each dsDNA stretch of 5,000 negative charges (2,500 bp) 417 proteins with 12
positive charges each can adsorb to yield a neutral assembly. From these
parameters we can calculate the value for the mass action variable for various co-
operativities ¢ and numerically compute the assembly as a function of time using
the starting and the end coverage as input. In the final step, we binned the idealized
numerical data in the same way as the experimental data, and compared the two.
Note that the theory does not account for the formation of micellar structures at
low lengths due to excess addition of protein; we therefore neglected this fraction
for the fit. Furthermore, any aggregate that exceeded 245 nm was presumed to be a
fully covered DNA strand and thus all data above 210 was binned together. As
mentioned in the main text, the fit leads to estimated parameter values of
h—&~53k,T for the effective penalty for nucleation (or a cooperativity
parameter o = 0.005) , and g+¢& = —18k,T for the effective binding free energy

(or a dimensionless association constant K = 9.7-107).

That agreement between theory and experiment is not perfect should not be a
surprise. Indeed, the assembly of our artificial virus is slightly different from that of
TMV. First, there is no origin-of-assembly domain encoded on the DNA, although
for the Cy-S10-B¥? polymer and 2.5kb linear dsDNA as a template nucleation of
VLP growth almost always starts at one end of the dsDNA, mimicking an origin of
assembly. Second, prior to the sequential binding onto the DNA, characterized in
the AFM images by a shortening and significant widening of the chain, random
adsorption of a thin layer of proteins seems to take place. The latter plausibly is of
the Langmuir type and does neither not lead to any conformational changes of the
proteins, nor to a shortening of the chain. In order to gauge the importance of this
second effect, we have performed a preliminary theoretical analysis of the
competition between the zipper- and Langmuir-type adsorption in a simple
statistical mechanical model (unpublished), and found the following. (i) Even if the
binding strength of the Langmuir-type is smaller than that in the molecular zipper-

type adsorption, the former starts at smaller values of the mass action variable

§=¢, K, in essence because the latter is much more co-operative. (ii) Still, when

zipper adsorption takes place it displaces the proteins that have been in the
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Figure 3.16. Kinetics of VLP formation. Linear 2.5kb dsDNA with Cs-S10-B*'? polymers at a charge
ratio N/P = 3, [DNA] = 1 pg/mL. Incubation times are indicated in the panels. Experimental data
(grey bars) are obtained by analyzing AFM images of complexes incubated for the indicated times.
Fits to the nucleated linear self-assembly model® (black squares connected by black solid lines) have
been obtained as described in the text.

Langmuir adsorption mode. (iii) All in all, the Langmuir adsorption does not shift
the onset of the zipper adsorption significantly, if the binding free energy in the
zipper mode is more than a few times the thermal energy larger than that in the
Langmuir mode. Considering the large cooperativity that we observe of the former,

this seems more than likely to be the case. Any influence of displacing the proteins
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adsorbed in the Langmuir mode, we absorb in the aforementioned zero time

parameter,

3.6.12. Electrophoresis Mobility Shift Assay. DNA-protein samples ([DNA] =
15 ng/uL) incubated for 1.5h were electrophoresed in a 1% agarose gel (95 min /
60V) using 1x TAE buffer (pH 8). Bands were visualized with ethidium bromide.
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Amplified stretch of bottlebrush-
coated DNA in nanofluidic
channels’

The effect of a cationic-neutral diblock polypeptide on the conformation of single DNA
molecules confined in rectangular nanochannels is investigated with fluorescence
microscopy. An enhanced stretch along the channel is observed with increased binding of
the cationic block of the polypeptide to DNA. A maximum stretch of 85% of the contour
length can be achieved inside a channel with across-sectional diameter of 200 nm and at a
twofold excess of polypeptide with respect to DNA charge. With site-specific fluorescence
labelling, it is demonstrated that this maximum stretch is sufficient to map large-scale
genomic organization. Monte Carlo computer simulation shows that the amplification of
the stretch inside the nanochannels is due to an increase in bending rigidity and thickness
of bottlebrush coated DNA. The persistence lengths and widths deduced from the
nanochannel data agree with what has been estimated from the analysis of atomic force
microscopy images of complexes.

1 This chapter is based on: Ce Zhang, Armando Hernandez-Garcia, Kai Jiang, Zongying Gong,
Durgarao Guttula, Siow Yee Ng, Piravi P. Malar, Jeroen A. van Kan, Liang Dai, Patrick S. Doyle,
Renko de Vries, and Johan R. C. van der Maarel. Amplified stretch of bottlebrush-coated DNA in
nanofluidic channels, Nucl. Acids Res. Accepted, 2013. DOI:10.1093/nar/gkt783.



Stretching of Coated DNA in Nanochannels

4.1 Introduction

Advances in nanofabrication have made it possible to fabricate quasi one-
dimensional devices with cross-sectional diameters on the order of tens to
hundreds of nanometers. These nanochannels serve as a platform for studying,
among others, single DNA molecules.'® Furthermore, confinement in a nanospace
result in significant modification of certain biophysical phenomena, such as the
knotting probability of circular DNA and the effect of macromolecular crowding
on the conformation and folding of DNA.?'* Nanochannels are also important for
single-molecule technologies ~ for =~ mapping  of  large-scale  genomic
organization, including restriction enzyme cutting, nick labelling, and denaturation
mapping.'*'® Advantages of the nanochannel platform are that the DNA molecules
are in an equilibrium conformation, high throughput can be achieved by using
parallel arrays of channels, and integration with lab-on-chip devices. Future devices
might involve non-equilibrium translocation of the DNA molecule through a pore
or along a sensor, a process which also benefits from a nanochannel platform.' The

molecules of interest are usually visualized with fluorescence microscopy.

The resolution of the genome mapping technologies relies on the ability to
stretch DNA to a length close to its contour length. Stretching of single DNA
molecules to more than60% of the contour length can be achieved by
confinement in channels with cross-sectional diameters below 100 nm.» ' 3
Alternatively, DNA molecules can be stretched by working at very low ionic
strength of less than 1 mM.**¢ At such low ionic strength, the persistence length of
the duplex exceeds 100 nm, and is significantly larger than the physiological value
of around 50 nm. Following the latter strategy of amplifying the stretch by an
increase in bending rigidity, we here propose to apply a polymer coating to the
double-stranded DNA molecule. The advantage of this approach is that wider
channels can be used toachieve a similar stretch. In particular, the less
stringent channel diameter allows the use of nanofluidic devices produced by soft
lithography and made of elastomer such aspolydimethylsiloxane (PDMS).
Elastomer chips have some advantages, including the possibility of obtaining
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multiple replicas by casting on a master stamp.’ Furthermore, a wider nanofluidic
channel system allows in situ changes in environmental solution conditions, which
is required for DNA binding assays. Using a novel device based on a cross-
channel configuration, recently we have shown that DNA molecules trapped inside
wider channels (250 nm) remain accessible for binding proteins and/or ligands.*
The wider channels also allow loading of DNA molecules by electrophoresis.

Recently, a cationic-neutral diblock polypeptide hasbeen developed that
qualifies as a suitable candidate for coating of DNA.*' The cationic, DNA binding
block is relatively short and consist of 12 lysine residues (B'?). The B*'* block is
coupled to 4 repeats of a 100 amino acid long polypeptide (C,).** The C, block has
an amino acid composition similar to that of collagen. Furthermore, it is
hydrophilic, net electroneutral, and behaves as a flexible polymer inaqueous
solution. The entire C;-B*'* diblock polypeptide is produced using recombinant
DNA technology by large-scale expression with high yields in yeast. The diblock
copolymers are monodisperse with a total molecular weight of 38.4 kDa. The
polypeptide concentration is conveniently expressed as the N/P ratio that is the
number of positively charged amino groups on the lysine B¥'* binding block
divided by the number of phosphate groups on the DNA. As shown in
previous work, complexation of DNA with C,-B¥"? does not result in aggregates
consisting of multiple DNA molecules.” Instead, single DNA molecules are
uniformly coated by adense bottlebrush as illustrated in Figure 4.1. We have
verified that DNA metabolism is not inhibited by coating with the polypeptide (see
Materials and Methods). Two effects are expected to enhance stretching of the
DNA-C4-B¥? complex in nanochannels: a larger cross-sectional diameter and
a larger bending rigidity or persistence length. These effects will be gauged from

nanofluidics experiments, atomic force microscopy, and Monte Carlo simulation.

4.2 Materials and Methods

4.2.1. Sample Preparation. C,-BX'? polypeptide (Mw = 38.4 kDa) was expressed in
the yeast Pichia Pastoris as an exocellular protein and purified by NH,SO,
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Figure 4.1. Illustration of a bottlebrush formed by binding of a diblock polypeptide copolymer to
DNA. The binding block of the copolymer contains 12 cationic lysine residues.

precipitation of the supernatant.”> ** The purity and absence of degradation of the
polypeptides have been verified with SDS-PAGE and MALDI-TOF. In order
to verify the effect of polypeptide coating on DNA metabolism, we have done a
digestion assay.”’ As shown by the image of the gel in Figure 4.2, bare DNA is
degraded by DNAaselin less than one minute. In the same condition,
polypeptide coated DNA with N/P = 7.5 is degraded in about an hour. DNA
metabolism is hence slowed down, but not inhibited by the polypeptide coating.
T4-DNA was purchased from Nippon Gene, Tokyo and used without further
purification. \-DNA, Nb.BbvCI nicking endonuclease, and VentR (exo-) DNA
polymerase were purchased from New England Biolabs, Ipswich, MA. YOYO-1
and ChromaTide Alexa Fluor 546-14- dUTP were purchased from Invitrogen,
Carlsbad, CA. \-DNA was sequence specifically stained with Alexa Fluor 546." T4-
DNA was stained with YOYO-1 with an intercalation ratio of 100 base-pairs per
dye molecule. For nanofluidics, samples were prepared by dialyzing solutions of
T4-DNA against 10 mM Tris/HCl and 1 mM EDTA in micro-dialyzers. The
Tris/HCI concentration is 10 mM Tris adjusted with HCI to pH 8.5, i.e. 2.9 mM
TrisCl and 7.1 mM Tris. The ionic strength of the buffer was calculated with
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Figure 4.2. Degradation of pMTL23 (3.7 kb) by DNAasel. The plasmid and DNAsel concentrations
are 7.2 nM and 8.8 U/ml, respectively. Lanes 1, 12 and 21: DNA molar weight marker. Lanes 2-11:
reaction product of bare DNA after 1, 5, 8, 15, 25, 35, 45, 60 min of incubation, respectively. Lanes
13-20: as lanes 2-11, but for Cs-B¥'?>-coated DNA with N/P = 7.5.

the Davies equation for estimating the activity coefficients of the ions and a
dissociation constant pK = 8.08 for Tris. The polypeptide was dissolved in the same
buffer. Solutions of polypeptide and DNA were subsequently mixed in
equal volumes and incubated for 24 h at 277 K. The final DNA concentration is 3
mg/L. No anti-photo bleaching agent was used. Atomic force microscopy was done
with pUCI8 plasmid (2686 bp). pUC18 was purchased and linearized with
HindIII restriction endonuclease (New England Biolabs, Ipswich, MA). Solutions
of plasmid and polypeptide were mixed in equal volumes to a final concentration
of 0.2 mg of DNA/L and incubated for 24 h at 277 K.

4.2.2. Chip Fabrication. The nanofluidic devices were fabricated by replication

in PDMS of patterned master stamps.> *

The stamps were made in HSQ resist
(Dow Corning, Midland, MI) using a lithography process with proton beam

writing.** * The 60 + 5, 100 + 5, 200 £ 5, 250 + 5, and 300 + 5 nm heights of
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the positive channel structures on the stamps were measured with atomic force
microscopy (Dimension 3000, Veeco, Woodbury, NY). The stamps were replicated
in PDMS followed by curing with a curing agent (Sylgard, Dow Corning) at 338 K
for 24 h.* After both substrates were plasma oxidized (Harrick, Ossining, NY), the
PDMS replicas were sealed with glass slides. The widths of the channels in the
replicas were measured with atomic force microscopy and the values agreed with
those obtained from the scanning electron microscopy images of the master
stamps. The nanochannels have a length of 60 um and rectangular cross-sections of
100 x 60, 250 x 100, 200 x 200, 250 x 200, 250 x 250, 250 x 300, 300 x 300, and 500 x

300 nm®. A fresh chip was made for every experiment.

To check for possible adhesion of polypeptide to PDMS, we have prepared a flat
PDMS chip. The chip was plasma oxidized and covered with glass slides. A square
2 x 2 mm? window of the PDMS surface was left uncovered. The chip was exposed
to a solution of polypeptide (1 g/L) for the typical duration of a nanofluidic
experiment (30 min). The glass slides were removed, the chip was N,-dried, and the
surface was imaged with atomic force microscopy. We did not observe a difference
in surface roughness or a transition in height level from the previously covered to
the exposed PDMS surface area of the chip. Accordingly, there is no appreciable
adhesion of polypeptide to PDMS.

4.2.3. Fluorescence Imaging. The stained DNA molecules dispersed in the
relevant solution were loaded into one of the two reservoirs connected by the
nanochannels. The DNA molecules were subsequently driven into the channels by
electrophoresis. For this purpose, two platinum electrodes were immersed in the
reservoirs and connected to an electrophoresis power supply with a relatively low
voltage in the range 0.1-10 V (Keithley, Cleveland, Ohio). Once the DNA
molecules were localized inside the nanochannels, the electric field was switched
off and the molecules were allowed to relax to their equilibrium state for at least 60
s. The stained DNA molecules were visualized with a Nikon Eclipse Ti inverted
fluorescence microscope equipped with a 200 W metal halide lamp, a filter set, and
a 100x oil immersion objective. A UV light shutter controlled the exposure time.
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Images were collected with anelectron multiplying charge coupled device
(EMCCD) camera (Andor iXon X3) and the extension of the DNA
molecules inside the channels was measured with IMAGE] software.

4.2.4. DNA Combing. Polystyrene (Mw = 280 kDa) is dissolved in toluene
(Fisher Scientific, Pittsburgh, PA) at a concentration of 100 g/L. Glass cover slips
were cleaned by sonication in 70% ethanol for 30 min. The cover slips were spin-
coated with the solution of polystyrene for 30 s at 2000 rpm. A 5 puL droplet was
spotted onto the cover slip and sheared with the help of a pipette tip along the

surface. The DNA molecules were visualized with fluorescence microscopy.”

4.2.5. Atomic Force Microscopy. All imaging experiments were carried out at
room temperature in air with a Dimension 3000 atomic force microscope,
Veeco, Woodbury, NY. Images were acquired in the tapping mode with silicon (Si)
cantilevers (spring constant of 20-100 N/m) and operated below their resonance
frequency (typically 230- 410 kHz). The images were flattened, and the contrast
and brightness were adjusted for optimum viewing conditions. A 20 uL droplet was
spotted onto a fleshly cleaved mica or silica surface. Mica was used for bare DNA,
whereas polypeptide coated DNA was also adsorbed on silica. After 10 min to allow
for DNA adsorption onto the surface, the specimens were developed by immersing

them in ultrapure water for 30 min followed by drying in a stream of N, gas.

4.2.6. Monte Carlo Simulation. In the Monte Carlo protocol, the DNA chain is
modelled as a string of (N+1) beads, which are connected by N inextensible bonds
of length 1b.?>* The simulation model consists of bending energy between adjacent
bonds and two interaction terms. The bending rigidity is set to
reproduce persistence length of 50 nm. The interactions are hard sphere repulsion
between DNA beads and hard-wall repulsion between the beads and the wall. If the
center of a bead is beyond the channel wall, the potential becomes infinitely large
and the configuration is rejected. The effective channel diameter is hence the real
diameter minus the diameter of the bead. The contour length of the DNA chain
was fixed at 8 pm. The diameter of the bead was set equal to the bond length Ib,

which is equivalent to the chain width w. Accordingly, for chains with a fixed
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contour length of 8 um, the number of beads is 1601, 1068 or 801 for w = 5, 7:5, or
10 nm, respectively. In each Monte Carlo cycle, we carried out one crankshaft and
one reptation move. The simulation started from a random conformation and
usually reached equilibrium after 107 cycles. In the production run, we generated
1010 cycles and recorded the conformation every other 105 cycles. For each
conformation, we calculated the extension as the maximum span of the DNA
molecule along the channel axis. Finally, the extension was averaged over the
ensemble of 105 conformations. Results for different persistence lengths
and widths were obtained from the scale invariance of the Monte Carlo results for
the relative extension. This implies that the maximum span divided by the contour
length of a chain with persistence length P, width w, contour length L, and
confined inside a channel of diameter D is the same as the one of a chain with
scaled parameters aP, aw, and al inside a channel of diameter aD. We have
verified that effects of finite contour length on the relative stretch are unimportant

for the relevant range of channel diameters.

4.3 Results and Discussion

4.3.1. Amplification of Stretch. Our nanofluidic devices are made of PDMS casted
on a high quality master stamp, which was obtained by proton beam writing and
UV lithography.>*»** T4-DNA (166 kbp) was stained with a ratio of one YOYO-1
molecule per 100 base pairs. With this intercalation ratio, the YOYO- 1 corrected
contour length of T4-DNA amounts 57 pm. Furthermore, the concomitant
minimal reduction in DNA charge has no effect on the electrostatic binding of the
cationic block of the polypeptide on DNA. The stained molecules
were subsequently incubated in solutions of various concentrations of polypeptide
for at least 24 h. The molecules are accordingly coated with various amounts of Cs-
B*", as indicated by the lysine to DNA N/P ratio (the DNA concentration is 3
mg/L).

In the nanofluidic experiment, the coated and stained DNA molecules were

electrophoresed into an array of 60 um long and rectangular nanochannels and
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imaged with fluorescence microscopy. A montage of images of single T4- DNA
molecules in 10 mM Tris/HCI (2.9 mM TrisCl, 7.1 mM Tris, pH 8.5) and confined
in channels with a cross-section of 250 x 250 nm® is shown in Figure 4.3A. The
images refer to well-equilibrated conformations. After the electric field has been
switched off, the molecules relax to their equilibrium state within 60 s. Video
imaging was started 5-10 min after the molecules were brought into the channels
and lasted for another 10 min. With increasing C;-B¥* to DNA ratio,
the equilibrated molecules stretch in the longitudinal direction of the channel.
Notice that the stretch of the bottlebrush with a twofold excess of polypeptide to
DNA charge (N/P = 2.0) reaches about 85% of the contour length. An excess of
polypeptide is needed to achieve maximum stretch due to the dynamic equilibrium
of the binding process (law of mass action). A relative stretch of 85% has also been
reported for DNA in narrow, 45-nm channels as well as for DNA at low ionic
strength of 0.12 mM in 250-nm channels.> 7 An advantage of the present
technology is the less stringent conditions in terms of channel diameter and ionic

strength of the supporting medium.

We have measured the extension of the T4-DNA molecules confined in the
nanochannels of various cross-sectional diameters. With increasing N/P ratio, it
becomes more difficultto electrophorese DNA molecules into channels of
smaller cross-sectional diameter. For the highest employed N/P ratio (2.0), we
could not insert a large enough number of molecules into channels with a diameter
less than 200 nm. For each experimental condition, we have used a fresh PDMS
replica and measured around 50 molecules. The distributions in extension are close
to Gaussian. Examples pertaining to different N/P ratios are shown in Figure 4.3B.
DNA fragments can easily be discerned, because their extensions fall below the
values pertaining to the intact molecules. For the cutoff, we have used the mean
value minus two time s the standard deviation. Resolution broadening can be
neglected, because the optical resolution of 200 nm is one order of magnitude
smaller than the variance. The relative extensions Lk = L, that is the mean stretch
divided by the contour length of the DNA molecule, are set out in Figure 4.4. With
decreasing channel diameter and/or increasing C4-B*'> to DNA ratio, the relative
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Figure 4.3. (A) Montage of fluorescence images of T4-DNA in 250 x 250 nm? channels and in 10 mM
Tris/HCI (pH 8.5). From left to right, N/P = 0 (polypeptide-free), 0.1, 1.0 and 2.0. The scale bar
denotes 6 pm and the YOYO-1 intercalation ratio is 100 bp per dye molecule. (B) Distribution in
extension of a population of ~50 T4-DNA molecules with indicated N/P ratio. Gaussian fits give
mean extensions of = 16 £ 2, 25 + 3, 41 = 3 and 48 + 3 um for N/P =0, 0.1, 1.0 and 2.0, respectively.

Figure 4.4. Relative extension of T4-DNA (open symbols) and A-DNA (closed symbols) in 10 mM
Tris/HCI versus channel diameter D. The N/P ratios are 0 (2), 0.1 (v), 1.0 (o) and 2.0 (o). The solid
curves represent Monte Carlo results with noted values of persistence length P and width w. The
dashed curve represents deflection theory for narrow channels.
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extension increases. For N/P = 0 (polypeptide-free) and 0.1, the extensions are in
the range 0.2 - 0.5 times the contour length. In the case of N/P ratios of 1.0 and 2.0,
the relative extensions are in the range 0.5 - 0.85. Furthermore, the extensions level
off at a plateau value for smaller channel diameters and higher N/P ratios. The
increase in relative extension is due to an increase in bending rigidity and cross-
sectional diameter of the bottlebrush coated DNA. These effects will be gauged
below with atomic force microscopy. We will however first demonstrate that large-
scale genomic organization can be mapped with our channel platform in tandem

with polypeptide coating.

4.3.2. Large Scale Genome Mapping. The aim of large scale genome mapping is
not to determine the genetic code at the single base level, but rather to provide
amap for assembling the genome at the larger scale and to sort out large scale
variations such as insertions, inversions, and translocations. For the demonstration
of genome mapping, we have site-specifically labelled nicks of A-DNA (48.5 kbp)
with Alexa Fluor 546."> '7 The YOYO-1 and Alexa labelled DNA was coated with
C4-B¥? and electrophoresed into an array of nanochannels with cross-sectional
diameters of 150x 250 nm?* From an analysis of the YOYO-1 fluorescence, we have
verified that the relative extensions of A\-DNA are the same as for T4-DNA (see
Figure 4.4). There are four resolvable Alexa labelling sites at 8, 18.3 (average of two
sites at 18.1 and 18.5 kbp), 31.3 (average of 30.9, 31.2, and 31.8 kbp), and 35.8 kbp.
Furthermore, the sticky ends of the \-DNA molecule can also be labelled. As can be
seen in panel A of Figure 4.5, individual Alexa labels are discernible with an N/P
ratio of 2.0. Individual labels can also be discerned for a stoichiometric ratio of N/P
= 1.0, albeit with decreased separation. In the case of polypeptide-free DNA,
individual Alexa labelled sites cannot be discerned. This confirms that an excess of
polypeptide to DNA charge is needed to achieve the highest possible stretch. For
comparison, in panel B of Figure 4.5 we have displayed fluorescence images of
combed, bare DNA molecules. In the combing experiment, the molecules are
stretched to almost their full contour length. In both the nanofluidic and combing
experiments, occasionally some Alexa labels are missing (in particular the ones at
the end). Out of a pool of 100 molecules, 2, 10, and 40 % of the molecules show 6, 5
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Figure 4.5. (A) Montage of fluorescence images of A-DNA. The images obtained with YOYO-1
(green) and Alexa Fluor 541 (red) staining are superposed. The molecules are confined in 150 x 250
nm’ channels with N/P = 2.0. Labelling sites are noted. The scale bar denotes 5 pm. (B) As in panel
(A), but for combed A\-DNA. (C) Time dependence of the Alexa Fluor intensity profile pertaining to
N/P = 2.0 and in a 150 x 250 nm? channel. The exposure time is 500 ms. (D) Average Alexa profile
over a pool of 50 molecules with N/P = 2.0 and in 150 x 250 nm? channels.

and 4 discernible labels, respectively. Since we did not observe a difference in
labeling  efficiency for ~combed (bare) and channel-confined (coated)
molecules, missing labels are due to incomplete labeling rather than caused by the
coating procedure.

In the case of maximum stretch for N/P = 2.0 in 150x250 nm? channels, we have
analyzed the Alexa fluorescence profiles of a pool of 50 DNA molecules. An
example of the time-dependence of the Alexa fluorescence is shown in panel C of
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Figure 4.5. On the time scale of the experiment (90 s), the molecules are trapped
inside the channel and there is no net displacement. Single molecule Alexa profiles
were aligned and corrected for a minor variation in overall stretch of less than 5%.
The locations of corresponding peaks for different molecules are in register. As
shown by the fluorescence images and the average profile in panels A and D of
Figure 4.5, respectively, the locations of the labels along the molecule are in good
agreement with the locations of the nicking sites. Accordingly, the molecules are
uniformly stretched along the direction of the channel without ever folding
back. The averaged Alexa fluorescence intensity profile confirms a relative stretch
of about 85% for N/P = 2.0, as determined by the YOYO-1 fluorescence. The
resolution in peak position is around 2 kbp, which is similar to the one reported for

bare DNA in 45-nm channels.!”

4.3.3. Persistence Length and Width. The persistence lengths were obtained
from analysis of atomic force microscopy images of bottlebrush coated DNA on
silica. For this purpose, linearized pUC18 plasmid (2686 bp) wasused at a
concentration of 0.2 mg/L. The C, blocks of the diblock polypeptide weakly adsorb
to silica such that no additions to the buffer are necessary to promote adhesion.
The C;s-block mediated adsorption of bottlebrush coated DNA is relatively weak,
since it is found that the molecules are more easily removed by flushing with water
as compared to DNA molecules that have been adsorbed in the presence of
either MgCI2 or high molecular weight polylysine. Accordingly, the bottlebrush is
not kinetically trapped in a 3D conformation.”® For the reference case of bare DNA,
molecules were bound to a mica surface by the use of a buffer comprising 10 mM
MgCl,. Excess polypeptide and MgCl, were removed from the interface by
immersion of the specimens in ultrapure water for 30 min. During this
development time, the molecules equilibrate on the surface in a 2D conformation.
Subsequently, all specimens were N,-dried. A series of typical images for increasing
C4-B¥? to DNA ratios are shown in Figure 4.6A-D. The relatively small plasmids
are imaged in their entirety with a field of view of 3 x 3 pm>We have also imaged
polypeptide coated \-DNA with N/P = 2.0. However, as shown in panels E and F of
Figure 4.6, only segments of these relatively long molecules can be visualized.
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Figure 4.6. (A-D) Tapping mode atomic force microscopy images of linearized pUC18 DNA
complexed with increasing amounts of polypeptide. The N/P ratios are 0, 0.1, 1.0 and 2.0, in panels A,
B, C and D, respectively. (E, F) As in panels (A-D), but for DNA with N/P = 2.0. The scale bar
denotes 1 um. Panels B-D are a montage.

Figure 4.7. Orientation correlation of the tangent vectors at a pair of points separated by distance L
along the contour. The lines represent exponential fits, and the polypeptide-to-DNA N/P ratios are
noted. The fitted values of the persistence lengths P = 60 + 5, 95 + 5, 190 + 10 and 240 + 10 nm for
N/P =0, 0.1, 1.0 and 2.0, respectively.
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Nevertheless, their appearance in terms of thickness and rigidity is similar to the
one of the shorter plasmid molecules.

To obtain the persistence length from the atomic force microscopy images, we
traced the centerline of a population of 10-30 individual pUC18 molecules, with
the smaller number pertaining to the highest polypeptide concentrations.
These were used to obtain the tangent vector correlation function «Cos6;.1>, where
B is the angle between tangent vectors at points s and s+L, by averaging s along the
contour. For weakly adsorbed DNA molecules equilibrated in 2D conformation,

this correlation follows:

(CosBs;.1.) = exp(-L/(2P)) (4.1)

Experimental and fitted tangent correlation functions are shown in Figure
4.7 With increasing C4-B*'?> to DNA ratio, fitted values of the persistence length P
increase from 60 nm (bare DNA) to 240 nm at the highest polypeptide

concentration.

The value obtained for bare DNA agrees with the commonly accepted value of
around 50 nm.”» We have measured the length of the molecules by tracing the
contour. No change in contour length induced by the binding of the polypeptide

on DNA was observed.

The atomic force microscopy images show an increasein thickness of the
bottlebrushes with increased polypeptide concentration. We analyzed the cross-
sectional profiles takenat 10 different and randomly chosen positions of
the molecules. Gaussian fits to these profiles gives variances of 10, 15, 20, and 30
nm for N/P = 0, 0.1, 1.0, and 2.0, respectively. These values should however be
taken as indicative of the thickness of the brushes, because the profiles are
broadened by the width of the tip and the brushes are dried and spread out on the

mica surface.
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The experimental values of the stretch can be compared to Monte Carlo results
that we have obtained for the stretching of nanoconfined semiflexible polymers
varying in persistence length P and effective thickness w. The computational
results are also displayed in Figure 4.4. In comparing the experimental values to the
Monte Carlo simulations, we have used the values of the persistence length P as
obtained from atomic force microscopy, without any adjustment. Only for
bare DNA, a slightly better fit was obtained with the nominal persistence length of
50 nm. For each N/P, the width w used in the Monte Carlo simulations was
adjusted to obtain the best agreement with the experimental stretching data. The
values of w obtained in this way show an increase with increased polypeptide
coating and are in reasonable agreement with the variances of the cross-sectional

profiles obtained from atomic force microscopy.

4.3.4. Theoretical Considerations. For D < 250 nm and N/P = 2.0, the data are
close to the prediction of Odijk’s deflection model. Here, the bottlebrush is
undulating along the channel by deflections from the wall.**

the data fall below the mark set by deflection theory due to back-folding and

For larger values of D,

looping of the undulating wormlike bottlebrush conformation.?®

Existing theories support our findings of increasing effective thickness and
persistence lengths for bottlebrush coated DNA.* Assuming that saturated
binding corresponds to full charge neutralization of the DNA phosphates by the
lysines on the BX"? binding block, a single C4-B*'> molecule has a binding site size of
6 base pairs, andsaturated binding corresponds to a distance h between
bound polypeptides along the DNA contour of 2 nm. Recall that this requires an
excess of polypeptide to DNA charge (NP > 1), due to the dynamic equilibrium of
the binding process. Side chain stretching in bottlebrushes is controlled by

the dimensionless parameter
I'=Nl/h (4.2)

where N is the number of segments in a side chain, 1 is the length of a side chain
segment, and h is the distance between grafted side chains along the main chain. If
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Rs is the mean square end-to-end distance of the stretched side chain (in
the bottlebrush) and R is the mean-square end-to-end distance of an unstretched
side chain (in free solution), the scaling prediction for the degree of side chain
stretching takes the form*

Rs=Ral (4.3)

Assuming 1 = 0.4 nm and N = 400, we find I'"* = 3.0 for the charge neutral
complex with h = 2 nm. Taking the hydrodynamic radius Rg = 6 nm for the chain
in free solution as a measure for R,*' the scaling estimate suggests that the side
chains stretch to a value on the order of 20 nm. A precise value of Rs cannot be
given, since the proportionality factor in Eq. 3 is unknown. Nevertheless, a
maximum cross-sectional diameter of the bottlebrush of around 40 nm at
saturated binding is consistent with our experimental estimate for N/P = 2.0. The
persistence length P of bottlebrush polymers can be estimated based on scaling

theory that was verified by self-consistent field calculations®**

P = Py + uN?*/ h? (4.4)

with a small numerical constant p = 0.02. For h = 2 nm and the commonly
accepted value of Py = 50 nm for the DNA main chain intrinsic stiffness, the above
theory predicts P =150 nm, or a 3-fold increase as compared to bare DNA.
Hence, theoretical estimates confirm the expected order of magnitude of the
stiffening effect, even though the predicted increase is lower than the 4 to 5-fold
increase at N/P = 2.0 that we have estimated from the analysis of the atomic force
microscopy images and the extensions of the complexes confined inside the

nanochannels.

4.4 Conclusions

We have shown that we can amplify the stretch of DNA confined in
nanochannels through a coating of the duplex with a diblock polypeptide. For

channels with cross-sectional diameters of around 200 nm we can achieve a
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uniform stretch of about 85% of the contour length. Due to the less stringent cross-
sectional dimension of a few hundred nm, the channels are relatively easy to make
out of elastomer with soft lithography. Furthermore, the DNA molecules can
be loaded within the nanochannel using electrophoresis. Monte Carlo computer
simulation shows that the stretch is due to anincrease in bending rigidity and
thickness of the bottlebrush coated DNA. The persistence lengths and widths
deduced from the stretch agree with what has been observed with atomic force
microscopy. The highest degree of stretching corresponds to the deflection limit, in
which the bottlebrush undulates within the nanochannel without ever folding
back. We have demonstrated that the amplification of the stretch in tandem with
site-specific fluorescence labeling allows the investigation of large scale genomic
organization of A-phage DNA. The limiting factor of the nanochannel platform is
the length of the channels. With present day technology it is possible to fabricate
linear channels with a length of around a few mm, so that DNA molecules of a few
Mbp can bestretched. For longer DNAs, one has to use fragments

and/or nanofluidic devices with a back-folded channel layout.
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Protein polymer incorporating a
DNA binding domain:

Coating, stiffening and delivery of
single DNA molecules’

Emerging DNA based nanotechnologies would benefit from the ability to modulate the
physical properties of individual DNA molecules. Whereas previous approaches have
mostly focused on using (block co-)polymers, we here introduce natural DNA-binding
proteins connected to long hydrophilic blocks as generic agents to modulate DNA physical
properties. A DNA binding domain (7kDa) is linked to a hydrophilic (73kDa) random coil
polypeptide and produced in yeast. This protein polymer coat individual single and double
stranded DNA molecules with high specificity, stiffening both to a considerable extent and
remarkably, prevents hybridization in single-stranded DNA. We show that the protein
polymer is non-toxic and non-hemolytic and show a transfection efficiency that is
comparable to current non-viral gene delivery standards. Incorporating natural DNA-
binding domains into protein-based polymers is a versatile way to modulate physical
properties of individual DNA molecules that can ultimately find potential applications in
both emerging DNA nanotechnologies and non-viral gene transfer.

" This chapter is based on: Armando Hernandez-Garcia, Marco Favretto, Roland Brock, Frits A. de
Wolf, and Renko de Vries. Protein polymer incorporating a DNA binding domain: Coating,
stiffening and delivery of single DNA molecules. Submitted, 2013.



Stiffening and Delivery of DNA

5.1 Introduction

New DNA nanotechnologies based on DNA origami'* and single molecule DNA

6-9

imaging® or sequencing strategies such as optical mapping,*® and nanopore

1011 increasingly rely on control of the physical-chemical properties of

sequencing
individual DNA molecules: mechanical properties, interactions with nanoscale
environments,' etc. While there is some room for control via tuning of solution
conditions, it may be expected that much higher levels of control can be obtained
by developing dedicated DNA binders that modulate specific DNA properties.
Polymers developed as non-viral delivery agents for nucleic acids can also be
considered to be dedicated DNA binders that modulate specific DNA properties. A
general toolbox of DNA binders that modulate physical properties of individual
DNA molecules may therefore be expected to be useful for a wide range of

technologies.

With this in mind, we have recently designed, produced and characterized a
recombinant, protein-based polymer that coats single double stranded DNA
molecules and significantly increases its persistence lengths.”> The polymer coating
protects against enzymatic degradation without making the DNA completely
inaccessible to strong (sequence specific) binders. It is composed of two
polypeptide domains and its sequence is abbreviated as C4-B**2. The C; domain is a
tetramer of a previously published collagen-inspired sequence C, a 98 amino acid
polypeptide that is highly hydrophilic and forms random coils over a wide range of
solution conditions. As a DNA binding domain, a simple stretch of 12 lysines was
used (Kz). The enhanced DNA stiffness provided by the C4-B¥'? polymer coating
has already been shown to be useful for nanochannel-based optical mapping of
DNA, where it allows for full stretching of DNA in rather wide nanochannels
(250x250nm)®. In addition, as we show here the C,;-B¥'? polymer is an effective

non-viral transfer agent for single plasmid DNA molecules.

However, as a binding domain, the oligolysine domain is quite unspecific.
Virtually all anticipated applications of DNA binders that modulate specific DNA
properties will involve complicated background solutions composed of
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biopolymers other than DNA and the oligolysine domain will also bind to those
molecules. The same of course holds for most synthetic polycationic blocks
currently used for non-viral gene transfer such as Poly-Lys, PEl or PDMAEMA. A
logical next step is therefore to replace non-specific polycationic binding blocks by
nucleic acid-specific binding domains. Here we choose the 7kDa DNA-binding
protein Sso7d of the hyperthermophilic archaeabacterium Sulfolobus solfataricus as
a nucleic acid, but non sequence specific, binding domain."** The binding
characteristics of Sso7d to both double- and single stranded DNA have been very
well characterized. It is a highly stable and easily produced small protein that has
also been used by other groups as a basis for further engineering: sequence
unspecific DNA binding by Sso7d has been used to improve processivity of DNA
polymerases® and as a structural scaffold to generate highly stable binding
proteins.*>#

We here produce and study the properties of a fusion of Sso7d with a very long
shielding domain: an octamer of the previously mentioned 98 amino acid C-
domain. The Cg-B¥*7 protein-based polymer is produced with high yields by
secreted expression in the yeast Pichia pastoris. We study DNA stiffening by
coating with Cg-B%74, for both double stranded- and single stranded DNA, but also
non-viral gene transfer. Our study highlights how engineered protein-based
polymers can be used in fusions with natural folded domains to construct protein-
based polymers with new abilities to modulate the physical properties of DNA for a
variety of applications, including, for example, in synthetic biology.

5.2 Materials and Methods

5.2.1. Materials. Linear 8.0 and 2.5 kbp dsDNA were purchased from Thermo
Scientific (Waltham, MA, USA). M13mp18 single stranded DNA 7249 nt (ssDNA)
was purchased from New England Biolabs (Ipswich, MA, USA) and T4-DNA were
purchased from Nippon Gene (Tokyo, Japan) and used without further
purification, supercoiled 4.0 and 2.7 kbp pDNA were recovered from recombinant

E. coli by using the GeneJet plasmid Miniprep kit from Thermo Scientific. pDNA-
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YFP was produced recombinantly. YOYO-1 was purchased from Invitrogen (Life
Technologies, Carlsbad, CA, USA). Restriction enzymes were purchased from New
England Biolabs or from Thermo Scientific. Proteins C,B*'* and C, protein were
produced and purified according following previously published methods.'> *
Resazurin was purchased from Sigma (St. Louis, MO, USA). Fetal Calf Serum
(FCS) and Roswell Park Memorial Institute medium 1640 (RPMI-1640) were
purchased from Gibco (Life Technologies) and HEPES Buffered Saline solution
(HBS) was prepared locally. 25 kDa branched polyethyleneimine (PEI), and

Lipofectamine 2000 were purchased from Sigma and Invitrogen, respectively.

5.2.2. Cloning of the Protein and Strains. Two double stranded oligonucleotides,
previously annealed from complementary codon-optimized oligonucleotides
(produced by Eurogentec, Belgium, see Supporting Information Table S1 for DNA
sequences), encoded the full amino acid sequence of the Sso7d binding domain
(B*°7) used in this study. The vector containing the DNA coding for “Cs” was
prepared in the follow way: a fragment C,, obtained from the plasmid pMTL23-C4
by double digestion with the restriction enzymes Van911/Dralll, was ligated into
the plasmid pMTL23-C4 previously digested with Van91I to obtain pMTL23-C8.
The plasmid pMTL23-CsB*°™ was obtained by ligating the two annealed double
stranded oligonucleotides coding for B*°™ into the vector pMTL23-C8 previously
digested with restriction enzymes Van91I and EcoRI. The fragment encoding the
CsB*7 protein-based polymer was released through digestion of plasmid
pMTL23-CsB*7dwith Xhol/EcoRI and ligated into the correspondingly Xhol/EcoRI
digested P. pastoris expression vector pPIC9 (Invitrogen). The resulting plasmid
pPIC9-CsB*°™ was linearized with Sall and electroporated into P. pastoris strain
GS115 (Invitrogen). The plasmid integrates into the genome through homologous
recombination at the his4locus providing normal growth on methanol. The

presence of the genes was verified by polymerase chain reaction.

5.2.3. Biosynthesis of Hybrid Protein. The fermentation was similar to the
previously described method." Fed-batch fermentations using minimal basal salts

medium were performed in 2.5-L Bioflo 3000 fermentors (New Brunswick
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Scientific, Edison, NJ). The methanol fed-batch phase for protein production lasted
2-3 days. A homemade semiconductor gas sensor-controller was used to monitor
the methanol level in the off-gas and to maintain a constant level of 0.2% (w/v)
methanol in the broth. The pH was maintained at 3.0 throughout the fermentation
by addition of ammonium hydroxide. At the end of the fermentation, the cells were
separated from the broth by centrifugation for 15 min at 10 000 x g (room
temperature or 4 °C) in an SLA-3000 rotor (Thermo Scientific, Waltham, MA), and
the supernatant was microfiltered (Pall Corporation, Port Washington, NY) and

immediately stored at 4 °C for subsequent purification.

5.2.4. Protein Purification. All centrifugation was done for 30 min at 20 000
x gat 4 °C, interchangeably in a Sorvall SLA-1500 or SLA-3000 rotor (Thermo
Scientific, Waltham, MA). First, medium salts were removed from the cell-free
broth by adjustment of the pH to 8.0 with NaOH, followed by centrifugation.
Subsequently, the protein-based polymer was selectively precipitated from the
solution by adding ammonium sulfate to a saturation of 45%, incubating overnight
at 4°C, and subsequent centrifugation. The pellet was resuspended in an equal
volume (relative to the cell-free broth) of Milli-Q water and precipitation was
repeated once at 4°C, using an overnight incubation. The pellet was resuspended in
0.2 volumes (relative to the cell-free broth) of Milli-Q water and sodium chloride
and acetone were added to a final concentration of 50 mM and 40% (v/v),
respectively. After centrifugation the acetone concentration of the supernatant was
raised to 80% (v/v), and the solution was centrifuged to precipitate the pure
protein-based polymer. The pellet was dried overnight, resuspended in Milli-Q
water, extensively desalted by dialysis against Milli-Q water using a using
Spectra/Por 7 tubing (Spectrum Laboratories) with a 1 kDa molecular weight cutoff
and lyophilized.

5.2.5. SDS-PAGE and MALDI-TOF. SDS-PAGE was carried out using the
NuPAGE Novex system (Invitrogen, Carlsbad, CA) with 10% Bis-Tris gels, 2-(N-
morpholino)ethanesulfonic acid (MES)-SDS as running buffer, and SeeBlue Plus2
prestained molecular mass markers. Gels were stained with Coomassie SimplyBlue
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SafeStain (Invitrogen). MALDI-TOF mass spectrometry was carried out in an
Ultraflex mass spectrometer (Bruker, Billerica, MA). Protein samples were
prepared by the dried droplet method. The matrix was made up of 2.5-
dihydroxyacetophenone (5 mg mL™), diammonium hydrogen citrate (1.5 mg
mL™), 25% (v/v) ethanol, and 1% (v/v) trifluoroacetic acid on an AnchorChip
target (600 um, Bruker). An external mass calibration was done based on Protein
Calibration Standard II (Bruker).

5.2.6. Preparation of Protein-DNA Complexes. Protein-DNA complexes
dissolved in 10mM sodium phosphate buffer, pH 7.4, were prepared by mixing of
pipetted portions of DNA stock solution, protein stock solution and 100 mM
phosphate bufter, pH 7.4, in Milli-Q water. Mixtures were vortexed for a 1 minute.
Volumes of the mixed portions of stock DNA and protein solutions were varied
according to their initial concentration and the desired final protein/DNA-bp
(ptn/bp) ratio. Protein stock solution was prepared just before use by dissolving a
weighted amount of lyophilized protein in Milli-Q water. DNA stock solution

corresponded to the commercially acquired or in-house prepared DNA.¢

5.2.7. Electrophoretic Mobility Shift Assay (EMSA). Aliquots of 2.64 kb pDNA
(60 ng/uL) were mixed with different volumes of a Cg-B**™ solution (0.05 0 0.2 g
L") both dissolved in 1x Tris-acetate-EDTA (TAE) buffer (pH 8) for a final
volume of 10 puL and a pDNA concentration of 6 ng/uL. After incubation for 60
min at room temperature, the mixtures were mixed with 6x loading buffer and 8-6
uL of the final mixture were subjected to electrophoresis in an agarose gel (1%) for
at least 60 min at 95 V using 1x TAE buffer (pH 8). Bands were visualized using
ethidium bromide.

5.2.8. Light Scattering. Light scattering measurements were performed with a
Zetasizer NanoZ$S apparatus (Malvern Instruments, UK) equipped with a 4 mW
He-Ne ion laser at a wavelength of 633 nm. DNA-protein complexes were formed
at room temperature (final DNA concentration was 50 mg L") dissolved in sodium
phosphate buffer (pH 7.4, 10 mm). Stock protein solution was previously filtered

(0.2 pm filters) for all LS experiments. The samples were continuously measured
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after preparation and only stable measurements were taken into consideration. The
intensity of light scattered by the DNA-protein complexes was determined from an
average of six autocorrelation measurements carried out in the course of 30s at 25
°C using a scattering angle of 12.8° and/or 173°. The effective hydrodynamic radius
was automatically obtained from the apparent diffusion coefficient calculated by
the apparatus.

5.2.9. Static Light Scattering. The determination of molecular weight of
complexes was done using the absolute scattering of complexes of dsDNA 8.0 kbp
at concentration of 50 ng/uL at a scattering angle of 173°. The molecular weight

was calculated according to the following equation:
M, =Ro/ C* Kg (5.1)

Where  is molecular weight of the complexes,  is the Rayleigh scattering,
is concentration and is the scattering constant. The later were calculated

according to the following equations:

R6= (Isamples - solvent/ Italuene) * (n2salvent/ nztaluene) * Rtaluene (52)
K= 41’1’ oyen(dn/dC)? | A*Ny (5.3)

Where n?uen is the square refraction index of water, #%,yene the square refraction
index of toluene reference. Riouene is the absolute scattering of toluene reference.
The change in the refraction index, (dn/dC), was fixed to 0.00017 m~* kg/™! as seen
for other collagen-like proteins. A is the wavelength of the laser used and N, the

Avogadro’s number.

5.2.10. Circular Dichroism. CD measurements were performed on a Jasco J-715
spectropolarimeter at room temperature. The spectra were recorded between 190
and 260 nm with a resolution of 0.2 nm and a scanning speed of 1 nm/s. Each
measurement was performed in a 1 mm quartz cuvette. The final concentration of
Cs-B%7 was 0.25 mg/mL dissolved in sodium phosphate (10 mM, pH 7.4). Control

protein C; was also dissolved in same buffer at the same concentration. Linear
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dsDNA 2.5 kbp was used for complexing sample at ptn/bp ratio of 0.188. Samples
were incubated at least for one hour at room temperature. Molar ellipticity [0] was
calculated according to the next equation:

[B]=0x100xM/Cxlxn (54)

Where the ellipticity © is in degrees, M is molecular mass of the protein, C is
concentration in mg/mL, [ is optical path length in cm and » is number of residues

of protein.

5.2.11. Atomic Force Microscopy. Approximately 3-5 puL DNA-protein-based
polymer complex solution was added to clean hydrophilic silicon (1x1 cm) and left
for 2 min. Then it was rinsed with filtered Milli-Q water (1 mL) to remove salts and
non absorbed particles, followed by soaking up of excess water using a tissue and
slow drying under a N, stream. Samples were analyzed using a Digital Instruments
NanoScope V equipped with a silicon nitride probe (Bruker, MA, USA) with a

spring constant of 0.4 Nm™ in ScanAsyst™

imaging mode. Images were recorded
with >0.965 Hz and 1024 samples per line. Image processing was done with
NanoScope Analysis 1.20 software. Contour length and long axis length

measurements were performed with Image] software.

5.2.12. Fluorescence Microscopy Imaging. Protein-coated single T4-DNA
molecules were stained at room temperature with the intercalating fluorescent dye
YOYO-1 in 10 mM Tris-HCI, pH 8.0 (intercalation ratio of one every 25bp). The
samples were incubated at least 30 min and the final T4-DNA concentration was
~5 pg/mL. The fluorescent protein-DNA was imaged with a Nikon Eclipse Ti
inverted fluorescence microscope equipped with a 200 W metal halide lamp, a filter
set and a 100x oil immersion objective. The exposure time was controlled using an
UV light shutter and the images were collected with an electron multiplying
charge-coupled device (EMCCD) camera (Andor iXon X3). The diffusion
coefficient and hydrodynamic radius in bulk of naked T4-DNA and coated with
Cs+-Kiz (0.834 ptn/bp) and CsB%*°7 (0.5 ptn/bp) were calculated from processing

videos of at least one-minute duration using previously reported algorithms in
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MatLab.*> **. The samples were incubated at least 30 min and the final T4-DNA

concentration was ~5 pg/mL.

5.2.13. DNA Protection Test. pDNA 2.6 kbp (concentration of 19.7 ng/uL) was
complexed with Cg-B*°7® (concentration 0.44 mg/mL) in TAE buffer (pH 8) for 1h
at room temperature (0.188 ptn/bp). Then 1pL of the enzyme DNAse I (RNAse
free , Thermo Scientific) 0.055 U was added to 35.5 pL complexes dissolved in
reaction DNAse I buffer (100 mM Tris-HCI, pH 7.5, 25 mM MgCl,, 1 mM CaCl,)
for a final [DNA] = 17.2 pg/mL and immediately incubated at 25°C using a thermo
block. Aliquots of 3.5 uL were taken at different times and mixed with 3.5 pL of
EDTA 50 mM. After addition of loading buffer (6x) the sample was
electrophoresed in agarose gel 1% at 100V for 45 min. DNA bands were visualized

using ethidium bromide.

5.2.14. Hemolytic Activity of Polyplexes. Experiments were performed with red
blood cells (RBCs) of blood group 0, Rhesus-positive donors that had been
collected and processed according to standard Dutch blood bank protocols,
including leukoreduction and storage in saline-adenine-glucose-mannitol. RBCs
were washed and resuspended in complete Ringer solution (125 mM NaCl, 5 mM
KCl, 1 mM MgSO4 32 mM HEPES, 5 mM glucose and 1 mM CaCl,). All
experiments with RBCs were performed at room temperature. In an eppendorf
tube, 3 x 10’ RBCs were suspended in 300 pL of Ringer buffer and complexes were
added to the cell suspension with a total protein concentration of 20 uM. After 2
hours of incubation, RBCs were centrifuged (3000 RPM for 3 minutes) and the
supernatant (containing the free hemoglobin) was collected. Non-treated cells were
used as a negative control, while burst or hemolysis of RBC’s induced by
incubation in Milli-Q water was used as a positive control. An aliquot of 60 pl of
the collected supernatant was transferred to a 96-well plate and diluted to 300 ul
with water. The absorbance of each sample was subsequently measured at 405 nm.

The degree of hemolysis was calculated as follows:

% HemOIySiS = (Abssample - Absnegative control / Abspositive contml) x 100 (55)
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5.2.15. Acute Toxicity Induced by Polyplexes Towards Host Cells. The impact of
complexes on HeLa cell viability was assessed using the resazurin assay. Briefly, 8 x
10° cells/well were seeded in a 96 well plate. After 24 hours, complexes were added
to a protein concentration of 1, 2, 10 and 20 pM for an incubation of 2 hours. Cells
were washed and resazurin (100 pg/ml in RPMI-1640 culture medium
supplemented with 10% FCS was added. Non-treated cells were used as a negative
control, culture medium was used as a blank. After 4 hours, readings of
fluorescence intensity (Ex: 540/25, Em: 620/40) were taken on a BioTek Synergy 2

plate reader. Cell viability was calculated as follows:

% Cell viability = fluorescencesumplc — fluorescenceplanck / fluorescencecontrol — fluorescencepiank x 100 (5.6
p

5.2.16. Transfection. Hela cells were grown as monolayers in RPMI-1640
medium, supplemented with 10% FCS and 200 mM L-glutamine, at 37°C, in a
humidified atmosphere containing 5% CO,. Cells were passaged after 2 days, or
when at 80-90% sub-confluency. CsB**”? and C,B¥!? were incubated during 1 hour
with pDNA coding for yellow fluorescent protein (YFP-pDNA) at 0.75 ptn/bp and
1 ptn/bp, respectively, to form the protein-DNA complexes in water. Then, 60 ng
of pDNA (complexed with protein at a final protein concentration of 10 pM) were
incubated during 2 hours with HeLa cells in a 24-well plate (4x10° cells/well/ml) in
RPMI-1640 medium supplemented with 10% FCS. Equivalent concentrations of
free YFP-pDNA and of YFP-pDNA complexed with PEI (at an amino-to-
phosphate ratio of 6:1), or with Lipofectamine 2000 were used in control
experiments. After incubation with the YFP-pDNA-protein complexes, the cells
were washed twice with HBS, and fresh culture medium was added. Synthesis of
the YFP was assessed after 2 days by flow cytometry, using a Becton Dickinson
FACScalibur flow cytometer and fluorescein detector. Data were analyzed using
Weasel software (WEHI, version 30114win).
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5.3 Results and Discussion

5.3.1. Design and Production. The sequence of the Cs-B¥7® protein-based
polymer as produced and a cartoon of the structure of the protein-based polymer
bound to DNA is shown in Figure 5.1, where we have used the published X-ray
crystallographic structure of B*® bound to short dsDNA.'° Note the large
asymmetry of the polymer in terms of the domain lengths (63 amino acids for the
B%°7? binding domain and 797 amino acids for the hydrophilic Cs domain). The
860 amino acid polypeptide has a predicted molar mass of 80,372 Da. The Cg-B5™
protein based polymer was successfully produced by secreted recombinant
fermentation in Pichia pastoris at an approximate yield (purified protein to volume
of filtered, cell-free medium) of 0.72 g/L. The production of the DNA binding
domain link to an unstructured polypeptide was well tolerated by the P. Pastoris
cells suggesting that production of other large engineered protein-based polymers
is attainable. The reason could come from a possible protection provided by the
large, unstructured and very hydrophilic C; domain. Bulk purification using
ammonium sulfate precipitation was sufficient to separate the protein polymers
from most other proteins secreted in the extracellular medium, as shown by SDS-
PAGE in Figure 5.2a. Multimers of the hydrophilic C-domain are known to poorly
bind SDS and hence move with anomalously low speeds in SDS-PAGE.* Indeed,
the apparent molar mass of the purified polypeptides as deduced from SDS-PAGE
would be around 190kDa. The molar mass of the purified proteins was analyzed by
MALDI-TOF mass spectrometry. The spectrum shown in Figure 5.2b shows three
peaks that correspond the M* (80,210 Da), M** (40,190 Da) and M** (26,645 Da)
ions. The molar mass of the protein estimated from the peak positions is
80.1+0.2kDa, which agrees with the predicted molar mass of 80,372Da to within
the experimental accuracy. Furthermore, the existence of the protein in a monomer
state in solutions of the purified biosynthesized protein was corroborated by DLS
by detection of a single molecule population with a hydrodynamic radius of 7.92

nm, which is in accord with the predicted value for a protein polymer of this size.*®
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GPP(GEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGQNGQPGEPGSNGPQGSQGN
PGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPA)sGGATVKFKYKGEEKEV
DISKIKKVWRVGKMISFTYDEGGGKTGRGAVSEKDAPKELLQMLEKQKK*

Figure 5.1. - Schematic representation of the structure of the protein-based polymer Cs-B%7¢ bound
to double stranded DNA (dsDNA). In green: the hydrophilic unstructured Cs polypeptide, in red: the
B%*7d DNA-binding domain, in grey: (dsDNA). The structure of B¢ bound to (dsDNA) is taken
from the X-ray crystallographic structure of B°74!¢ (pdb: 1BNZ). Below is shown the amino acid
sequence of Cs-B%°7¢ protein based polymer. In green: the hydrophilic unstructured Cs polypeptide, in
red: the B% DNA-binding domain.

Figure 5.2. - Molecular characterization of purified Cs-B%*7. a) SDS-PAGE. b) MALDI-TOF showing
three peaks corresponding to M* (80,210 Da), M** (40,190 Da) and M?* (26,645 Da).
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Figure 5.3. Electrophoretic Mobility Shift Assay for 2,6kb pDNA complexed with Cs-B%°7¢, Each lane
has ~40 ng of DNA. Protein/DNA bp ratio is shown at the top. Left lane shows the molecular
markers.

5.3.2. DNA Binding Properties of Cs-B%°7 Protein-based Polymer. In order to
probe the DNA binding properties of Cs-B¥*™ we studied the mobility shift of
complexes of Cg-B¥*7 with a 2.6kbp pDNA in agarose gel. As is clear from Figure
5.3, the mobility of complexes starts to be reduced at ratio of 0.013 proteins per
base pair (ptn/bp), whereas the mobility shift more or less saturates at around 0.25
ptn/bp. Even higher protein concentrations do not lead to a further reduction of
the mobility (see Appendix Figure 5.11). The latter effect was also found by light
scattering studies (see later). Structural and crystallographic studies report that
B%°7 binds to dsDNA every 4bp or 0.25 ptn/bp.'*?” Here we found that dsDNA is
indeed fully saturated at those values. Hence, the long Cs domain does not seem to
lead to a much reduced binding stoichiometry due possibly to the high effective
binding affinity and specificity that B%”d has for dsDNA (>0.25 ptn/bp). In
comparison, using an unspecific cationic binding domain required to add a large
excess of protein (> 0.667 ptn/bp) to reach a coating degree of ~80%." The
reduction of unspecific binding between the colloidal domain (net charge of -10 at

pH of 7.4) and the binding domain could also play an important role.
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Table 5.1. Absolute Molar mass of Cs-B%*°7 /DNA complexes and binding

stoichiometry estimated from Static Light Scattering.

Experimental MW x10° Aggregation Effective
ptn/bp ratio (g/mol) Number ptn/bp ratio
0.06 3.57 383 0.05
0.12 8.44 990 0.13
0.25 19.9 2414 0.30
0.25 22.2 2707 0.34

Next, absolute molar masses of Cg-B%7d DNA complexes were estimated using
static light scattering at a fixed low scattering angle. From these scattering
intensities, absolute molar masses of complexes can be deduced. Strictly speaking
the molar mass should be calculated from the scattering extrapolated to zero
scattering angle and zero concentration. We here report an estimate of the solution
molar mass by instead using the scattering intensity at a single low scattering angle
and at very low concentrations of complexes. Also, we assume that scattering is
dominated by the protein-DNA complexes and that the contribution of the excess
free proteins to the light scattering is negligible. This leads to the estimates shown
in Table 5.1, which confirm again that at saturation, the density of proteins is about

0.25 protein per bp.

5.3.3. Secondary Structure of BS°’* Domain in the Context of Cs-B%°’ Polymer.
The highly specific binding by B*7® domain towards dsDNA with high binding
affinity relies completely in the presence of a folded state. To check that the B™
domain is properly folded in the context of Cs-B¥™ polymer, circular dichroism
spectroscopy was done (figure 5.4). Molar ellipticity from solutions of Cs-B%7 was
compared with that of a reference tetramer C,. Cs-B%7® and C, both show a deep
minimum at 200nm, characteristic associated to a random coil secondary structure
(figure 5.4a). This is to be expected since the random coil Cs dominates the CD
spectrum in view of its much larger mass.” ** The difference spectrum should

correspond to the spectrum of the B*¢ domain. Since the mass of the Cy domain is
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C protein

+— CSBSso7d

Figure 5.4. Possible influence of Cs domain on secondary structure of B%°’¢ domain. a) CD spectrum
of Cs-B¥d and Cy control. b) Spectrum pertaining to BS*¢ domain alone obtained by subtraction of
Cgs domain ellipticity.

more than 10 times larger than that of the B%’d, we cannot determine this very
accurately. The difference spectrum for Cs-B%™® bound to DNA and the C,
reference polymer is shown in Figure 5.4b. Despite the noise, it is clear that the
difference spectrum has a positive ellipticity at 200 nm and a slightly negative
ellipticity at the 220 nm, which is related to the presence of five p-sheet strands'
and is very similar to a previously published CD spectrum for B**" in solution.?**
Therefore, not only the B*" DNA binding properties are quite insensitive to the
attachment of the very large Cs domain, but also its secondary structure appears
not to be affected very strongly. Indeed the B%7 domain is very stable even to

truncation of 8 residues at the C-terminus.*

5.3.4. AFM Imaging of Complexes of Cs-B*°’* with Linear and Supercoiled
DNA. Controlled coating of individual DNA molecules is a pre-requisite for certain
applications that require modulation of physical properties of DNA molecules.
Then, next we investigated the structures of complexes of Cs-B%*™ polymers with
both linearized and supercoiled DNA. To highlight the differences introduced by
using a DNA -specific binding domain as compared to a simple cationic oligolysine
binding block, we compare with complexes formed with the C,-B¥? diblock
polymer that we have studied previously. AFM images of complexes of Cg-B5°7

with single molecules of 8kb linear double stranded DNA are qualitatively similar
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to those we have previously published for the C,-B*"* diblock: monodisperse with
regular and homogeneous length and height. Upon increasing the protein to DNA
ratio, the DNA molecules get progressively coated, without any indication of
intramolecular aggregation as shown in the representative images of Figure 5.5a-c.
It is possible to recognize the brush-like nature of the complexes in detail images
(figure 5.5d). At a more quantitative level, it appears that the Cs-B**’® complexes
are somewhat higher than the C,-B*"” complexes (Table 5.2). This most likely
reflects both the larger and globular binding domain, and the longer side chains.
Quantitative analysis also reveals that contour lengths of Cs-B¥°™ complexes are
significantly shorter than that of the bare DNA (Table 5.2). It has been reported
that Ss07d exerts kinks that reduce the effective contour length of dsDNA

complexes in between 10-20%.”'

For 4kb supercoiled pDNA, complexation with Cs-B%°7d seems to lead to global
opening up of plectonemic supercoils (Figure 5.6). The complexes have a contour
length of 1,395 + 29 nm, which is just slightly larger than the theoretical contour
length of the bare pDNA of 1360nm. B%*™® binding has been reported to lead to
DNA unwinding by placing its triple beta-sheet domain across the minor groove."
* At a fixed linking number® this will be compensated by the introduction of
positive supercoiling that balances part or the entire original negative supercoiling.
The clear shortening of the apparent contour length of complexes that was
observed for linear DNA, is absent in the case of supercoiled pDNA. In contrast to
complexation with Cg-B¥7d, the C,-B¥? diblock leads to a tightening of
plectonemic supercoils, possibly via bridging of the opposing sides of a
plectonemic supercoil by the binding domain (Figure 5.6b). As a consequence,
single thick contours are observed for C4-B*'> pDNA complexes, that appear as
flexible rod-like structures with a contour length that is close to half that of the bare
contour length of the pDNA, as we have also reported before.”” For more images of

the complexes of pDNA with both proteins, we refer to the Appendix Figure 5.12.

5.3.5. AFM Imaging of Complexes of Cs-B5°’* with Single-stranded DNA. We

have studied complexes of both Cg-B%"d and C,-B¥"? with circular ssDNA from

132



Chapter 5

Figure 5.5. Coating single molecules of linear dsDNA with Cs-B%°7¢. Atomic force microscopy images
of protein complexes formed with 8.0 kbp DNA at different protein per bp ratios. (a) 0.062 ptn/bp,
(b) 0.125 ptn/bp, (c) 0.25 ptn/bp. Scale bars are 500nm. (d) Bottle brush can be appreciated in zoomed
in section of (b) image. Scale bar is 150 nm.

Figure 5.6. Opening up- and tightening plectonemically supercoiled pDNA single molecules of by
coating them with a) Cs-BS7¢ and b) Cs-B¥12. Atomic force microscopy images of protein complexes
of pDNA 4.0 kbp formed with Cs-B%7 (0.375 ptn/nt) and b) C4-B¥'? at 0.833 ptn/bp. Scale bars are
400 nm.

Figure 5.7. Disentangling and stretching single circular ssDNA molecules by coating them with Cs-
B%07d Atomic force microscopy images of complexes formed between circular ssDNA from
M13mp18 virus and a) Cs-B%7 (1.45 ptn/bp) and b) C4-B¥12 at 0.792 ptn/bp. Scale bars are 500nm. c)
Zoomed section of Cs-B%°7d + ssDNA complex from (a). Scale bar is 50 nm.
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Table 5.2. Height and contour lengths of protein coated 8kbp dsDNA.

CB_BSso7d C4_BK12
Pmteg; r/ base| 0.06 0.13 0.19 0.25 0.49 0.26
Height ("m) | ND | 0.6120.19 | 0.94+0.18 | 1.0940.29 | 1.22%0.26 | 1.21202 | 0.95:0.19
contour | 5 0% | ND 2,382+83 ND 2,551465 | 2,439436 | 2,720+32
length (nm)

*Theoretical naked contour length, ND: not determined

M13mpl8 virus (7,249 nt) since Sso7d is reported to also bind to ssDNA.*
Stretching ssDNAs could have several technological implications for high
resolution of genomic studies.” The protein-ssDNA complexes formed again have
distinctly different complex morphologies for the two proteins (figure 5.7). We find
that the Cg-B%7? protein nearly completely prevents the formation of secondary
structures due to base pairing of ssDNA and therefore disentangles and stretch the
structure (figure 5.7a). In most images, a single short piece of an apparent duplex
segment remains that could correspond to a local (nearly) palindrome sequence
with particularly strong base pairing. The Cs-B*® + ssDNA complexes have a
contour length of 1,326 + 95 nm, which is 53.8% of the calculated contour length of
naked ssDNA (2,465 nm, assuming a length of 0.34 nm per nt). In clear contrast,
the formation of secondary structures by base pairing of the circular single
stranded M13mp18 virus DNA is not prevented when it is complexed with the
diblock C4-B**? resulting in complexes with a collapsed and branched appearance
(Figure 5.7b). Interestingly, zooming in the C;-B*°’d + ssDNA complexes show a
beaded appearance that is reminiscent of the "pearl-necklace" configurations found
for complexes with flexible polyanions and C4-B*'2* The degree of stretching of
ssDNA reached by Cs-B*7 and not with C,;-B¥'? supports the idea that using a
natural DNA-binding domain that avoid intramolecular bridging offer advantages
to stretch single DNA molecules which could be used effectively for genomic

mapping purposes.’

5.3.6. Increase of Coil Sizes of T4-DNA upon Binding Cs-B**: Bottle-brush

Stiffening. The formation of a protein bottle-brush around the coated nucleic acid
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Figure 5.8. Increase of coil sizes of T4-DNA upon binding Cs-B%74. Snapshots taken from

fluorescence microscope videos of a) naked T4-DNA, b) coated with C4-BX'? and ¢) coated with Cs-
BSsu7d.

Table 5.3. Bulk diffusion parameters of protein coated T4-DNA.

T4-DNA T4-DNA T4-DNA
+ C4_BK12 + Cg—BSS07d
Diffusion coefficient 3.50 + 242 + 1.73 +
(x107™, m%/s) (9.0x10?) (4.3x10?) (7.1x10?)
Hydrodynamic radius 0.696 + 1.007 £ 1411+
(um) (0.018x102) (1.8x107%) (0.058x107?)

would have an increasing effect in the stiffening of the coated-DNA. To probe this
effect we intercalate fluorescent YOYO-1 in T4-DNA to image and track single
molecules when coated with Cs-BS7 and C4-B¥'? (figure 5.8). With based on those
images we quantified the diffusion constants and hydrodynamic sizes of the
complexes when diffusing in bulk to compare the protein-coating effects. The
diffusion coefficients and hydrodynamic radius (Ru) of T4-DNA naked and coated
with Cg-B*® and C,-B¥"? is shown in table 5.3. When T4-DNA is coated with Cs-
B%°7d, DNA molecule looks extended and its contour can be distinguish clearly
(figure 5.8a). In the videos it looks that diffuse slower. C,-B¥' has similar effect but
less pronounced (figure 5.8b). Naked T4-DNA looks more compact (figure 5.8¢)
than when protein coated, rotates more and diffuses faster. Calculated diffusion
coefficients for protein coated T4-DNA are lower than when is naked, and being
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Figure 5.9. - Enzymatic protection assay of DNA complexed with Cs-B%%7d, DNA-protein complexes
(0.188 ptn/bp) were incubated at different times with DNAse I. Aliquots of reaction samples stopped
with EDTA were ran in an agarose gel to detect the degradation of DNA (stained with EtBr). Top
numbers are incubation time in minutes.

with Cg-B%°7 the lowest. This is reflected in a two-folded increase in Ry of the
complexes with Cg-B*°7 in comparison with the naked T4-DNA. The increase in
Ry indicates that the protein is stretching the single T4-DNA molecule upon
forming the coat. The Cg-B*7 + T4-DNA appeared more rigid and larger in
comparison to naked T4-DNA and when coated with C;-B¥'*. In all the cases no
aggregation was detected. The effect when coating T4-DNA molecules with Cs-
B%°7 is stronger than with C4-B*'2. This has implications for example in resolving
fluorescent markers along the DNA chain when is stretched. Further work to
calculate the increments in persistence length both in bulk and inside
nanochannels are required. However, from previous estimations DNA coated with
C4-B*? when inserted in nanochannels had an effective persistence length of 200
nm, which suggests that coating DNA with Cg-B%7¢ should be higher and with

promising applications in genomic mapping.

5.3.7. Enzymatic Accessibility of Coated DNA. Accessibility to DNA coated by
molecules such as proteins or nucleotides is relevant for diverse possible
applications. For non-viral gene delivery is required to have a compromise balance
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between protection and ease of unpacking. Also, for optical mapping is required
that DNA gets in contact and hybridizes with fluorescent markers. As a way to
estimate the DNA accessibility, we proceed to evaluate the ability of the Cg-B%°7
protein to decrease the enzymatic accessibility to the DNA. Solutions containing
DNA- Cg-B%7 complexes were incubated with unspecific nuclease DNAsel. At
different incubation times aliquots of the sample were taken and run in an agarose
gel (Figure 5.9). The band corresponding to the protein-DNA complexes was
noticeable for about 10 minutes of incubation with the enzyme, whereas naked
DNA was completely digested after 2 minutes of incubation with the enzyme. This
could be associated to the fact that the protein forms a large brush around the DNA
and that the B%" binds to DNA with high affinity, reducing the exchange ratio

with surrounding buffer.

5.3.8. Non-viral Gene Delivery: Toxicity, Biocompatibility and Transfection
Efficiency. In order to evaluate the potential application of Cs-B*? and C,-B¥" as
DNA nanocarriers we proceed to test in first instance their safety profiles. We
measure cell viability and cell hemolysis at very high protein concentrations
(Figure 5.10). For both proteins, the effect in the cell viability followed a very
similar trend. It was reduced in about 15% at concentration of 1yuM and slightly
decreased to 27.6% for 20 pM in comparison to untreated cells. Hemolysis was
reduced 5% for Cs-B*7® while for C4-B¥'? was 6.9%. The slightly higher hemolysis
caused by C,-B¥!* may be related to the presence of a cationic segment involved in
the DNA binding. In general these results indicate that proteins present low
hemolysis and acute toxicity. Biocompatibility and a good safety profile are
obligated requisites for biomedical application of the proteins.

Finally, transfection studies of HeLa cells were carried out. The measurement of
fluorescence by the expression of a reporter protein was correlated with the
delivery into the nucleus of the pDNA cargo encoding for that reporter protein.

The transfection capabilities of Cs-B*°7 and C,-BX*? are reported in figure 5.10c.
Naked pDNA used as control and commercial standards such as PEI and

Lipofectamine 2000 are also included. It can be appreciated that both proteins, Cs-
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Figure 5.10. Toxicity and transfection activity of protein CsB%*7¢ complexing DNA compared with
protein C4B¥'? complexes and standard gene-delivery agents. (a) Effects in cell acute toxicity of
protein-DNA complexes with increasing protein concentrations. (b) Effects in hemolysis of protein-
DNA complexes with protein concentration of 20 uM. (c) Gene delivery efficiency of CsB¥74, C,BX12
and standard gene-delivery agents reported as measured fluorescence by the YFP encoded in the
delivered pDNA.

B%°7 and C,-B*", performed much better than naked DNA and the commercial
standard for polymer-based non-viral gene delivery nanocarrier. Both proteins
performed almost with similar levels to Lipofectamine 2000 and statistically they
did not have any significant difference with it. It is interesting to notice that our
designed protein had gene delivery efficiency superior than PEI and similar to
Lipofectamine 2000 without any optimization process. The transfection capacity
could come from a proper balance between the protection and stability given by the
protein coating and detachment and release of the pDNA cargo inside the cell. This
suggests that both proteins Cg-B*°7® and Cy-B¥'2 could be used to build “artificial
viral” nanocarriers for gene delivery.” The positive results prompt us to evaluate
the mechanistic details of the transfection capacity for further improvements of the
protein design in order to use them as nanocarriers for gene and nucleic acid

delivery.

5.4 Concluding Remarks

The study shows that we can harness the high specificity and affinity of natural
occurring DNA binding domains for engineering protein-based polymers with
controlled binding and coating of single DNA molecules. Its combination with a
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long unstructured domain is suitable not only for imaging® but also for modulating
their stretching and delivery. B* DNA-binding domain presents numerous
advantages such as facilitated formation of stable protein-DNA complexes with
lower protein concentrations. It also reduces intra-molecular bridging in ssDNA
and supercoiled pDNA. As the DNA binding is not based on electrostatics is
expected to decrease undesired molecular cross-talk with charged surfaces or other
negative polyelectrolytes. All this contrasts largely with unstructured and
unspecific cationic segments. Besides this, B%7 has convenient physical chemical
properties such as high thermal (up to 90°C), acid and chemical stability that can
find a place in practical implications for example to increase thermal stability of
protein-DNA complex.' It is also possible to choose other DNA-binding domains
with particular sequence binding specificity, stoichiometry, and affinity from the
large repertoire of different characterized binding domains that exist.””**

Protein Cg-B%7 could be used to give multivalency activity to DNA coated
complexes and achieve by this way molecular recognition with high affinity in
biological contexts.”” This would open the doors to functionalize in a controlled
manner DNA-based structures such as origami and nano-robots for delivery based
on DNA."** Furthermore, it would be possible to engineer a protein with high
affinity for specific nucleic acid sequences to locate functional domains or particles
conjugated to the proteins at particular places of the DNA. Moreover, modulating
physical configurations and interactions of DNA by coating them with binders
gives the opportunity to design artificial transcription factors for regulating genetic
circuits in cells which is relevant for synthetic biology.*>*'

In conclusion, we have designed and produced by recombinant means an
artificial highly asymmetric protein-based polymer made up of a properly folded
natural occurring DNA binding domain (B%°?) linked to a large colloidal domain
(Cs). The protein Cs-B*7 binds with high affinity and high specificity in a
predicted stoichiometry to DNA, in opposite to proteins carrying a cationic
segment as DNA binding domain. Cg-B%°7 fully coats single DNA molecules of

different sizes (up to several dozens of kbp) and kinds (linear dsDNA, circular

139



Stiffening and Delivery of DNA

ssDNA, supercoil pDNA), reduces largely inter- and intramolecular bridging of
DNAs and forms stable complexes. This leads to superior disentangling and
stretching of the DNA molecule, particularly demonstrated for ssDNA and large
T4-DNA, in opposite to our previously designed protein C,-B*"2. Therefore Cs-
B%°7 has a huge potential to be harnessed as adjuvant biomaterial for genetic
mapping and sequencing technologies of DNA. Furthermore, Cg-B*°" presented
an acceptable safety profile and significantly transfected cells. It is therefore a
promising biomaterial to be used as nanocarrier in gene delivery. Incorporating
natural occurring DNA binding domains is an alternative to polycationic segments
that lack of high specificity and affinity for DNA. Due to its recombinant origin Cs-
B%°7 can be further optimized by tuning precisely the length of the domains and by
incorporation of bioactive domains. In general, developing protein polymer
biomaterials that offer precise control of the physical chemical properties and
interactions of single DNA molecules can pave the way for the advance of DNA-

related nanotechnology, gene delivery and synthetic biology.
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5.6 Appendix

Figure 5.11. Electrophoretic Mobility Shift Assay of 2.6 kbp pDNA complexed with Cs-B7d at higher
Proteins per base pair ratios (numbers at the middle). Left lane is the molecular markers.
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Figure 5.12. AFM images of M13 single stranded DNA (ssDNA) complexed with Cs-B%°7¢ (left) and
C4-BX12 (right).

Figure 5.13. AFM images of pDNA complexed with Cs-B%7¢ (left and center) and Cs-BX'2 (right).
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Supramolecular nanorods from
triblock protein polymers’

' This chapter is based on Armando Hernandez-Garcia, Frits A. de Wolf, Martien Cohen Stuart,
and Renko de Vries. Supramolecular nanorods from genetically engineered protein-based triblock
polymers. Manuscript, 2013.



Protein Polymer Nanorods

6.1 Introduction

The design of peptides and proteins that self-assemble into supramolecular
structures with specific, well-ordered architectures (e.g. rod-like, cages, networks,
etc) is a fast-growing field."* The challenge is to “encode” the required multiple
weak bonds that lead to folding and self-assembly into the primary sequence of the
proteins or peptides, such that a network of non-covalent interactions is formed,

based on chemical and geometric complementarity.

Using peptides and proteins to construct nanomaterials has several advantages
over using traditional polymeric building blocks. The 20 natural amino acid
monomers plus a number of other non-canonical amino acids can now all be used
in protein design, which gives an enormous parameter space of sequenced amino-
acid polymers. Short peptides can be prepared using solid state synthesis and
longer polypeptides using genetic engineering, with full control over primary
sequence. In addition, nature provides an extensive library of modules with well-
defined secondary structures such as beta-sheets, beta- roll, alpha-helix, beta-turn,
coiled coils, and others that can be incorporated as modules in larger protein
designs.” '° Using these structural modules makes it possible, for example, to
position functional groups at precise locations on self-assembled objects, which is
very difficult to achieve with self-assembling polymers prepared using synthetic
chemistry. More generally speaking, it enables us to organize matter at the
nanoscale with a precision much closer to that found in nature than synthetic
chemical approaches. In contrast to synthetic polymer synthesis, the use of
recombinant microorganisms allow for the production of long, fully sequenced and
perfectly monodisperse (amino-acid polymers)."" Control over sequence and
monodispersity is crucial when aiming for the design of polymers that self-
assemble into precisely controlled nanostructures, since minimal variations can
drastically affect self-assembly behavior."” Already our ability to produce de-novo
designed, self-assembling peptides and proteins has led to new routes for
addressing a number of, in particular biomedical, technological problems. For
example, peptide-based nano-rod structures with different functionalities have
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been used for DNA packaging, energy transfer, metallic nanowires synthesis,
chemical sensing, delivery vehicles, hydrogels formation, etc.'®*®

Obtaining good control over the supramolecular self-assembly of de-novo
designed peptides and proteins is a challenge, since it requires a thorough
understanding of both, protein folding and supramolecular self-assembly. Studies
of many groups working on functional protein-based nanomaterials have helped to
formulate at least qualitative design rules that relate primary sequence to self-
assembly behavior. So far, most of these studies have focused on relating primary
sequence with self-assembly for short peptide building blocks.> '> ***! Work on
much longer recombinant polypeptides has mostly focused on self-assembling

22-25

hydrogels**** with the exception of work mainly by Chilkoti and collaborators on

spherical micelle-forming polypeptides based on elastine-like polymers.*>*

In chapter 3 of this thesis, we have introduced de-novo designed triblock
copolymers that co-assemble with DNA into artificial virus-rodlike particles."
These co-assembled artificial virus structures may have important future
applications as nanocarriers for drug delivery, and other biomedical and
nanotechnological applications. We have noted that these triblock polypeptides
also self-assemble in the absence of a template, though only at higher

concentrations, forming small, finite nanorods.

Here we study in more detail the self-assembly of these triblock copolymers, in
the absence of a template. In order to characterize the self-assembly, we use
dynamic light scattering (DLS) and atomic force microscopy (AFM) for obtaining
information on their size, structure and mass, both at the ensemble level, and at the
level of individual nanorods. We identify a critical concentration for the growth of
nanorods and show how this critical concentration correlates with polypeptide
primary sequence, in particular with the length of the middle block, which is a silk-

like self-assembly block.

By studying the self-assembly of the triblocks in the absence of a template, we

expect to be able to advance our understanding of self-assembly of de-novo
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designed multiblock co-polypeptides in general, and possibly distill design rules
that could benefit further work on the design of supramolecular assemblies
composed of sequenced (poly)peptides. Our study is also relevant for
understanding and designing polypeptide guided co-assembly with other entities
(DNA, negative polyelectrolytes, etc.)'* *® since designability of co-assembly also
implies control over the self-assembly of the polypeptides in the absence of a
template. Finally, all of this is important to bring us closer to towards the
realization of rationally designed, protein-based self-assembling systems with real

biomedical- or nanotechnological applications.***

6.2 Materials and Methods

6.2.1. Materials. Protein-based triblock copolymers C4-Si;-B¥? (MW: 47,027.5
Da), C4-S1o-B¥2 (MW: 45,160 Da), C4-S,-B¥? (MW: 40,315 Da), C4-S4-B¥? (MW:
41,458 Da) and C-B*? (MW: 38,608 Da) were produced by genetic engineering and
biosynthesis in the recombinant yeast P. pastoris as reported in chapter 3 of this

thesis.

6.2.2. Sample Preparation. Samples were prepared from lyophilized and
desalted protein powder stored in sealed polypropylene tubes. Chemicals
NaH,PO..H,O and Na,HPO42H,O of analytical grade purchased from Merk were
used to prepare the buffer (10 mM, pH 7.4). Dithiothreitol (analytical grade,
Sigma) at a concentration of 5 or 0.ImM (for DLS and AFM respectively) was
present in all protein solutions to prevent the formation of disulfide bridge between
protein monomers (all proteins, except C-B, have a cysteine at their N-terminus).
Solutions were prepared from freshly dissolved powder proteins (1-5 minutes) and
never stored for reuse. For weighing protein powders, a Mettler Toledo XS205 scale
was used with an error of + 0.01 mg. Concentrated stock solutions were prepared
in eppendorf tubes using MQ-water, and diluted to the required concentration
with a buffer.
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6.2.3. Dynamic Light Scattering. DLS measurements were carried out using a
Zetasizer NanoZS equipment from Malvern Instruments, UK. It is equipped with a
4 mW He-Ne ion laser at a wavelength of 633 nm. The measurements were usually
the average of 6 runs for 30 seconds at 25°C taken every 5 minutes using scattering
angle of 173°. The concentrations of the proteins were between 4.4 to 110.7 uM for
Cy-S10-B¥'? and 1.1 to 42.1 uM for C,-S,4-B*2

6.2.4. Atomic Force Microscopy. Samples were analyzed using a Digital
Instruments NanoScope V equipped with a silicon nitride probe (Bruker, MA,

tTM

USA) with a spring constant of 0.4-0.35 N/m in ScanAsyst™ imaging mode.
Images were recorded between 0.488-0.977 Hz and 1024 samples/line. Image
processing and height measurement was done with NanoScope Analysis 1.20
software using a first order flattening for all the images. The concentration of
protein samples was varied over several orders of magnitude (between 20 nM to
110.7 pM for C4-S1-B¥"? and 11 nM to 42.1 uM for C4-Si4-B¥?). For imaging, the
most concentrated samples were diluted with buffer to final concentrations of ~0.4
uM. Approximately 4 uL of sample was deposited onto clean ultraflat silicon
surfaces. After 2 minutes of sample incubation, surfaces were rinsed with 1 mL of
Milli-Q water in order to remove salts and non-absorbed particles. This was
followed by removal of excess water using a tissue and slow drying under a N,
stream. Measurements of the dimensions of nanostructures were performed using

Image] software.

6.3 Results and Discussion

6.3.1. Protein Self-assembly Design. Triblock copolymers, “C4-S,-B¥'?”, were used
with different lengths n of the silk-like self-assembly block: n = 2, 4, 10 and 14.
Most results are for the variants C4-Sio-BX'? and C4-Si4-BX*? that form virus-like
particles in co-assembly with nucleic acids (chapter 3). The self-assembly block S, =
(GAGAGAGQ), forms beta-strands that presumably fold into a beta-roll
secondary structures. Multiple beta-rolls stack on top of each other, driven by

31, 32, 33-35

hydrophobic interactions to form tape-like structures, as illustrated in
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Figure 6.1. Design of self-assembling protein-based triblock copolymers Ci-Sa-B¥'?, and cartoon of
hypothetical self-assembled nanorod structures formed in solution. Left, block structures of Cs-Sa-
BX'2 protein-based polymers. The protein is made up of three different blocks. The middle one, “Ss”, is
the silk-like self-assembly block (blue), the “C4” block is for colloidal stability (green) and the “BX'?”
block is a cationic segment (red) that can bind to negatively charged templates and thus leading to co-
assembly. Right, cartoon of hypothetical self-assembled nanorod structures formed by Ci-Sn-BX'?
proteins for which the self-assembly block is sufficiently long. The core is formed by the stacked silk-
like sequences together with the cationic sequence, and it is surrounded by the Cs-block corona.

Figure 6.1. The silk-like motif S= (GAGAGAGZX) has been used in a range of other
polymers that were designed to self-assemble into functional biomaterials.*>*>*> 3
For the C;-S,-B¥'? polymers we use the amino acid glutamine (Q, the amine version
of the glutamic acid amino acid, which is hydrophilic and non-charged) as the

corner residue X that should lead to the beta-turns of the hairpins.

Protein-based polymers with silk-like self-assembly blocks S,=(GAGAGAGX),
with X = histidine, lysine, or glutamic acid have been studied before***” but so far,
silk-like self-assembly blocks where X is a neutral but hydrophilic glutamine
residue, had not been. For C;-S;o-B*'? the self-assembly block is 84 amino acids
long, for C4-S1,-B¥"? it is 116 amino acids long. The “C”-block is a very hydrophilic
block that in solution adopts a random coil structure. It is 407 amino acids long,
and its function is to provide colloidal stability of the self-assembled
nanostructures (to prevent aggregation).'® *> 3+ 337 3% The final block, “B” is made
up of 12 lysines and was incorporated to allow for binding to negatively charged

templates and hence for co-assembly (see chapters 2, 3, 7 and 8 of this thesis).
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6.3.2. Kinetics of Self-assembly from Static Light Scattering. Solutions of several
concentrations of Cs-S10-B¥'* and C4-S14-B¥'? were prepared and the development of
their scattering intensity was measured starting immediately after dissolution, up to
incubation times of a few hours. Results are shown in Figure 6.2a and 6.2b for,
respectively, C4-S10-B*'* and C4-S14-B¥'. First consider the results for C,-S,o-B*'*
(Figure 6.2a). For this case, scattering starts at low values and increases with a rate
that increases with concentration. At the highest concentration, 110.7 pM,
equilibration took over 10h. For C4-S14-B*"* (Figure 6.2b), scattering intensities do
not start at low values but instead are high immediately, and increase only very
slowly over time. Most likely, whereas the C,-S,o-B*'? dissolves molecularly, the C;-
S14-B¥? with its stronger drive for self-assembly does not dissolve molecularly but
instead dissolves as clusters, that very slowly rearrange to adopt their final
equilibrium configuration. Results for C4-S;o-B*'* are qualitatively similar to those
for the fiber-forming symmetric triblock polypeptides with very large central silk-
like blocks that have been studied before. These have silk-like blocks Si=
(GAGAGAGX)4s, where “X” is histidine, lysine or glutamic acid. These can also be
dissolved molecularly, at extreme pH values. For this case self-assembly can be
initiated by a quench to a pH where the corner residue X is no longer charged. The
previous data is for fiber-forming symmetric triblock polypeptides at low
concentrations (1.5-9 pM). In that case, the scattering was found to level off after
about 20 h.”

6.3.3. Concentration-dependence of self-assembly from static light scattering. In
our studies on co-assembly of Cy-Si-B¥? and C,-Si,-B¥? with nucleic acid
templates it was found that in the absence of a template, the polypeptides form
nanorods, but only at higher concentrations. Here, we consider the concentration
dependence of the self-assembly of these polypeptides in the absence of a template
in somewhat more detail. Scattering intensities of well-equilibrated samples
(incubation times longer than 20h) were plotted as a function of the protein
concentration, with the result shown in Figure 6.3. Clearly, both C4-S;0-B** and Cy-
S14-B¥"? show a critical concentration at which there is an abrupt change of the

slope of the intensity versus concentration curves. Critical concentrations are 20
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Figure 6.2. Kinetics of self-assembly of Ci-Si0-B¥'? and Ci-Si4-B¥'? at different concentrations
followed using light scattering. Scattering intensity (AU) of protein samples as a function of
incubation time, for samples with different concentrations. a) Cs-Si10-B¥'> and b) C4-S14-BX12.
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Figure 6.3. Critical concentration for the self-assembly of Cs-Si0-B¥'2 and Cs-Si4-B¥'? as detected using
light scattering. Intensity of scattered light versus protein concentration for Csi-S14-BX1? (blue A, A;
samples incubated 9-11h) and for Cs-Si0-BX'? (red », 0; samples incubated 14-16h). Filled and open
symbols are, respectively, below and above the critical concentration for self-assembly. Solid and
dashed lines are linear fits respectively, above and below the critical concentration.

and 80 pM for, respectively, Cs-Si4-B¥'? and C;-S;0-B¥"2. Assuming that the
change in slope signals the onset of nanorod formation (we will come back to this
point when discussing the AFM results), it is clear that longer self-assembly blocks
favor the start of nano-rod formation at lower concentrations.Furthermore, the
difference between the proteins highlights the sensitivity of the self-assembly to the
primary sequence, in this case, to the length of the silk block. Studies using short
undecapeptide peptides have also highlighted that small variations in the sequence
of such peptides can lead to drastic changes in the critical concentration for self-
assembly.”® A similar sensitivity was for example also found for so-called lipid-like
or peptide surfactants.”” **' Likewise, the critical self-assembly concentration of

our triblock polypeptides is a very sensitive function of the length of the silk block.
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So far we have not touched on the role of the “B” block that was included in the
protein-based polymer design in order to give rise to co-assembly, but which may
in fact also influence the self-assembly of the triblocks in the absence of a template.
In order to test for a possible influence of electrostatic repulsion between “B”
blocks, we have investigated the influence of ionic strength on the self-assembly of
the triblocks. For ionic strengths up to 0.2 M NaCl, we find that the self-assembly
kinetics is a bit slower and there is hardly any influence on the final scattering
intensities (Appendix, Figure 6.9). Hence it appears that electrostatic repulsion
interactions between the “B” blocks do not have a significant influence on the self-
assembly of Cs-S;o-B*'* nanostructures. This is in clear contrast to the long
hydrophilic C,-block that has been shown to significantly oppose the folding and

stacking of the silk-like blocks, as was shown in simulation studies.’"**

6.3.4. Concentration Dependence of Nanostructure Sizes from Dynamic Light
Scattering. An interesting question is of course whether above the critical
concentration that we observe, the protein-polymers form larger objects, more
objects, or both. To address this issue we have performed Dynamic Light Scattering
(DLS) on well equilibrated solutions of both Cs-S;o-B¥'? and C,-S,4-B¥'* at a range
of concentrations. It was found that typically a single diffusion peak dominates the
light scattering, and this peak corresponds to the typical size range of nanorods
(between 40 nm and 100 nm, depending on conditions) that was already observed
in AFM. The effective hydrodynamic radius Ry corresponding to this dominant
peak is plotted as a function of protein concentration in Figure 6.4a and 6.4b for
respectively, Cs-S10-B¥!? and C,-S14-B¥™2. For the case of C,-S10-B¥*? a clear change in
the size of the nanorods is observed around the critical concentration of around
80uM (from about 45 to 60nm). Below the critical concentration, a small but
measurable part of the scattering is still due to protein monomers with a
hydrodynamic radius of around 6 nm. The monomer contribution to the total
scattering quickly vanishes when approaching and passing the critical
concentration. For C,-S1,-B¥'? the size of the self-assembled objects is significantly
larger than for C,-S1,-B*'%. In this case, no clear change in the size of self-assembled

objects is observed at the critical concentration, and a monomer signal could not be
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Figure 6.4. Concentration dependence of the effective hydrodynamic radius Ru of self-assembled
objects of C4-S10-B¥'? and Cs-S14-BX'2. a) [#]C4-S10-B¥'?2 b) [@]Cs-Si1u-B¥'2 Dotted vertical lines indicate
the critical concentrations as deduced from Figure 6.3.

observed, not even at very low concentrations. This confirms the kinetic data that
likewise suggest that C4-S1,-B*"? does not dissolve molecularly. Again we find that
in increasing the length of the silk block from 10 to 14, the self-assembly behavior

changes significantly.

6.3.5. Kinetics of Protein Self-assembly from AFM. Initial indications for
nanorod formation of Cs-S;0-B¥? and Cs-S14-B¥'? came in the absence of a template
came from AFM (chapter 3). These were done at a fixed protein concentration, and
after complete equilibration. Here we use AFM to study details that are inaccessible
to DLS: the development of the complete size-distribution of self-assembled
nanorods as a function of time after dissolution, and as a function of protein
concentration. By comparing Cs-S10-B¥*? and C4-S14-B¥* we will also be able to
correlate the self-assembly with the protein design. First we consider the time-

dependence of self-assembly.

Self-assembly of a C4-S10-B¥!? above its critical concentration (110.7 uM) was
followed by imaging samples obtained at different times after dissolution using
AFM (Figure 6.5). The slow kinetics of the process in principle allows us to
visualize the entire process of self-assembly, from very small clusters to the final
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Figure 6.5. Kinetics of self-assembly of Cs-Si0-B¥'2 from AFM. Top, AFM images of protein
assemblies formed after (a) 1h30 min and (b) 24h of incubation time of a 110.7 uM protein solution.
Scale bar is 300 nm. Bottom, (c) distribution of the lengths of the Cs-Si0-B¥'? assemblies formed at
different times. (N=62 for image a, and N= 50 samples for b).

self-assembled nanorods. Representative examples for 2h45 and 24h, illustrating
early and late stages of the self-assembly reaction, are shown in Figure 6.5a, and 5.b
respectively. Size distributions corresponding to these images are shown in Figure
6.5c. In qualitative agreement with the static light scattering, in the first hours of
the self-assembly reaction, we only find small clusters and a few short nano-rods.

Only after a very long time (24h), all proteins have assembled into nano-rods.

Representative higher magnification images of equilibrated single nano-rods
formed above the critical concentrations by Cs-S;0-B*'? and C,-S14-B*'? are shown
in Figure 6.6. They are highly regular, and apart from their length comparable to
fiber structures that have been found before for the symmetric triblocks with
central S blocks that have been studied before. Most likely, therefore, they have a

similar structure, and consist of a central core formed by stacked silk blocks, with
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Figure 6.6. AFM images of typical self-assembled nanorod structures of designed proteins. Nanorods
images of (top) Cs-Sio-B¥'? formed at 110.7 uM (a) 2D and (b) 3D image. Bottom, Cs-Sis-B¥'? formed
at 42.1 uM (c) 2D and (d) 3D images. Insets are corresponding height profile of the section indicated
as a black line on image. Bar scale is 250 nm. Samples were incubated at room temperature for 24h.

Figure 6.7. Concentration dependence of self-assembly of protein nanorods. Top row: AFM images of Ci-
Si0-B¥*? nanostructures at a) 20 nM, b) 1.1 pM and ¢) 110.7 pM. Average lengths are, respectively, 26.8, 52.5
and 91.5 nm. d) Size distributions of Ci-S1-B*'? nanostructures for a range of protein concentration.
Bottom row: AFM images of Ci-S1--B¥"> nanostructures at e) 11 nM, f) 0.42 uM and g) 42.1 pM. Average
lengths are, respectively, 38.4, 58.31 and 55.3 nm. h) Size distributions of C-S14-B*'? nanostructures for a
range of protein concentrations. Images were acquired using ScanAsyst mode in air on samples that had
been equilibrated (in solution) for 24h. Scale bar is 250 nm.

159



Protein Polymer Nanorods

pendant “B” blocks, and are surrounded by a brush-like corona formed by the “C”
blocks, as illustrated schematically in Figure 6.1b. The height of the nano-rods as
measured by AFM is similar for both polymers, and is also similar to that measured
using AFM for the much longer fibers formed by symmetric triblocks with Sss
central blocks.”> ** Remarkably, the width of the C,-S1o-B*'* nano-rods is distinctly
larger than that of nano-rods formed by C,-S;4-B*"*.

6.3.6. Concentration Dependence of Nano-rod Size Distributions from AFM.
For both C;-S0-B*"? and C;-S14-B*"* we first established a lower bound on the
concentration for which nano-rods can be detected with AFM. Next, we quantified
lengths for well equilibrated samples of Cs-S;0-B*'? and C4-Si4-B¥'* (24h) over a
wide range of concentrations. Selected AFM images show the strong concentration
dependence of the self-assembly process for both proteins (Figure 6.7a-c and
Figure 6.7e-g for, respectively, Cs-S10-B*"* and C4-S15-B*"). Size distributions as a
function of concentration are shown in Figure 6.7d and Figure 6.7h (for,
respectively, C4-S10-B¥'? and C,-S14-B¥'?). A comparison of the evolution of the
position of the maximum of the distribution for the two proteins is shown in
Figure 6.8. That figure shows that in the case of C,-S1-B*'* at concentration higher
than 11 pM there is a big jump in the average length of the peak of the distribution.
In the case of Cs-S14-B¥* the increase happens at earlier concentration (>42 nM).
Concentration dependent equilibrium lengths, and critical concentrations above
which lengths start increasing more rapidly, are a common feature of many self-
assembling systems that form 1D structures such as rods and tubes, including
peptide-based systems.?> * *' We have also comparing the height profiles of
equilibrated nano-assemblies formed at different concentrations (Appendix, Figure
6.10). It appears that the height as determined using AFM increases from about 1.0
nm at 20 nM to about 3.5 nm at 110.7 uM of C4-S10-B¥'%. This suggests that the
folding and packing of the beta-strands in the nano-assemblies may be quite
concentration dependent. Possibly, at low concentrations the folding and stacking
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Figure 6.8. Concentration dependence of position of the peak of the size distribution (Figure 6.7d and
6.7h). A) C4-Si0-B¥'?2 and B) C4-Sis-BX12,

of the beta-strands is still highly irregular and imperfect and only at much higher

concentrations the driving force for regular folding and stacking is strong enough.

6.4 Concluding Remarks

We have shown that the triblock copolymer proteins C4-Sio-B¥'* and C,-S4-B*'?
self-assemble into elongated nanorods (up to ~150 nm long at the highest
concentrations) through the interaction of their silk-like blocks. Changing the
length of the silk block from 10 to 14 silk blocks has quite a drastic influence on
self-assembly: whereas C,-S10-B*'* assembles slowly from dissolved monomers, Cs-
S14-B¥? does not dissolve molecularly, and shows nanostructures immediate after
dissolution. Both proteins show a critical concentration beyond which the amount
and sizes of nano-rods rapidly increase with a further increase of the concentration.
This critical concentration decreases rapidly with increasing length of the silk
block. The most likely supramolecular structure is that of a core composed of the
silk-like and the cationic B¥'* block, surrounded by a corona composed of C,
blocks, as shown in Figure 6.1b. The short cationic block B¥'?, made up of 12
lysines and is crucial for co-assembly on negatively charged templates, appears not
to influence self-assembly in the absence of a template. This implies that the C4-S;0-
B¥? and C,-S14-B*? multiblocks appear to conform to the simple picture of

multiple functional blocks that can be joined to get a multi-functional polymer
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without cross-talk between the different functions, which is very attractive from a

polymer-design point of view.

The strong influence of the length of the silk block on self-assembly behavior is
very clear from the comparison of just these two proteins. As has been
demonstrated in simulation studies, an initial hydrophobic nucleation step that
involves a small number of peptides that fold and assemble together, is required for
triggering the self-assembly of silk-like and other peptide sequences that are similar
to the silk-like blocks that we use here.*" ** Provided nucleation is homogeneous
this implies a self-assembly that is highly sensitive to both concentration and
chemical details such as the length of the silk-like block. This matches our finding
of strong concentration dependence, and the fact that the critical conentration was

much lower for C4-S;4-BX*2 than for C,-S;-B¥2.

For eventual applications, stability against changes of environmental conditions
is of course crucial. It is well known that highly cooperative forms of protein self-
assembly**** can be hysteretic in the sense that there can be large differences in the
timescales for assembly and disassembly. Although we have not studied
disassembly in detail, we have found that after 4h the particle sizes of a nanorod
dispersion (110 pM) diluted 500x remain constant, suggesting that disassembly can
be also significantly slower than assembly for the nano-rods, which could be very

advantageous for delivery applications.

While initially designed for co-assembly, one can imagine a number of
applications of these self-assembled nano-rods in the absence of templates. Since
the triblock copolymers are biodegradable, non-hemolytic and non-toxic (see
chapter 4), the nano-rods that they form could be interesting platforms for nano-
medicines, for example as a delivery systems'" * that due to their elongated
structure could penetrate cells.** *” The outside of the “C” blocks can be modified
(either chemically or at the level of the design of the protein) such that the rods
become a scaffold for displaying a range of ligands.*> ** * Furthermore, we have
shown that the cationic “B” block does not strongly influence self-assembly, hence

similar blocks could be included without changing self-assembly. Such blocks
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would be close to the nano-rod core and hence presumably well protected against
proteolysis and/or cellular recognition. A potential application would therefore be
to use cationic antimicrobial sequences instead of the “B” block, in order to

improve their stability and circulation time in-vivo.
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6.6 Appendix

Figure 6.9 Kinetic profile of a solution 22.1 uM of Cy-Sio-B¥!? with different NaCl concentrations.

Figure 6.10 Height profiles along the longest axis of self-assembled protein solutions at different
concentrations. Left, C4-S10-BX2 height profiles along large axis, right Cy-Sis-B¥'2 height profiles.
Width C4-Si0-BX'2: 13.1 £ 2.1 nm and Cy4-S14-BX'%: 8.0 + 1.8 nm.
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Table 6.1. Amino Acid Sequences of Recombinant Protein Triblock Copolymers

C4-810'BK12

GCGLGAGAPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGOPGONGQPGEPGSNGPOGSQGNPGKNGQPGSPGSQGSPGNQGSP
GOPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSP
GSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQ
GNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQP
GEPGSNGPOGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGAGAGAGAGQGAGAGAGQGAGAGAGQGAGA
IGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAKKKKKKKKKKKKGA

C4-Sl4'BK12

GCGLGAGAPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQOPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSP
GOPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGS PGNPGOPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSP
GSQGSPGNQGSPGQPGNPGOPGEQGKPGNQGPAGEPGNPGSPGNQGOPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQOGSQ
GNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQOPGNKGSPGNPGQPGNEGQPGQPGONGQP
GEPGSNGPQOGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGAGAGAGAGQGAGAGAGQGAGAGAGQGAGA
GAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAK
KKKKKKKKKKKGA

Codes: colloidal stability “C,” block, self-assembly “Sn” block and cationic “BX'?” block.
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7.1 Introduction

Self-assembly routes to build precise supramolecular functional nanostructures
that exploit the photonic, magnetic or electronic properties of metal atoms are
believed to have many potential applications in medicine and electronics.'” For
example, it was recently shown how to create micelles based on cationic block
copolymers that can encapsulate metal ions in their micellar core, with potential
applications in nanomedicine.> ® While promising, these micelles still suffer from
a number of problems, with respect to potential applications in nanomedicine: they
were not designed to be biocompatible, their nanoarchitecture cannot be precisely
controlled and they have limited stability, for example against salt.”® Hence there is
a need for new self-assembly strategies that combine biocompatibility with precise
control over co-assembly with metals into supramolecular nanostructures of
controlled architecture. Recently, so-called protein-based polymers have emerged
as highly tunable biocompatible polymers that can be precisely engineered to self-
assemble into a range of nanostructures.’®’® The protein-based polymers are made
up of tandem repeats of functional sequences or motifs inspired by natural proteins
and organized in a modular (multi-block) architecture. They can be produced
using recombinant DNA technology such that they are perfectly monodisperse.
Expression in yeast allows for the production of large amounts of these materials,
and designs have been developed that self-assemble into a range of precisely
defined nanoarchitectures.'*'” So far, these novel bio-inspired and biosynthetic
polymers have not been used to create biocompatible protein-metal hybrid
nanostructures. Here, we use protein-based polymers to incorporate and organize
metal atoms into highly ordered supramolecular nanostructures with rod-shaped
virus-like shapes. These protein-metal nanorods have superior stability as
compared to previous micellar structures with metal ion cores, and can be prepared

in aqueous solutions under mild conditions.
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7.2 Materials and Methods

7.2.1. Materials. Protein C,;-S;-B¥"? was biosynthesized by recombinant Pichia
pastoris yeast strains carrying the synthetic gene encoding for C,-S,0-B*" protein as
reported somewhere else. Protein was purified from the medium where was
secreted during production phase according to reported in literature.” Integrity
and correct molecular weight was verified by MALDI-TOF and SDS-PAGE.
Lyophilized protein was stored in sealed polypropylene tubes till further use. Metal
ion Zn(II) was obtained from Zn(NO4),-4H,O (analytical grade), which was
purchased from Aldrich and used without further purification. The bis-ligand
compound 1,11-bis(2,6-dicarboxypyridin-4-yloxy)-3,6,9-trioxaundecane (L,EO,)

was prepared following the reported in literature.'

7.2.2. Sample Preparation. [Zn-L,EO,* was prepared mixing equimolar
concentrations of Zn(NOy),-4H,O and bis-ligand L,EQO; for a final concentration of
5 mM (stock solution). The mixture Zn-L,EO, + Cs-S10-B¥'? was prepared in the
following way. A fixed amount of protein solution recently prepared was mixed
with [Zn-L,EO4]*, prepared as reported previously for the stock solution, to the
desired final +/- ratio. It was considered that each C,-S;o-B¥? molecule carries 12
positive charges from lysines. The final concentration of protein in the mixed
solution is ~0.7 mg/mL. All stock solutions are prepared in buffer 10mM
phosphate, pH 7.4, containing 0.1 mM DTT and using Milli-Q water. The mixture
was then filtrated (0.45 pm), sonicated for 10 min to mix well and leave it at room
temperature for incubation for the desired time.

7.2.3. Light Scattering. Dynamic light scattering (DLS) was used to characterize
the electrostatic complexation process. The DLS measurement was performed with
an ALV light scattering apparatus, equipped with a 400 mW argon ion laser
operating at a wavelength of 532 nm. Measurements were done at a detection angle
of 90° (corresponding tog= 22247820 m™'), unless stated otherwise. All

measurements were performed at room temperature. The size and size distribution
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are presented as the diffusion coefficient obtained from both CUMULANT and
CONTIN methods.

The light scattering intensity is expressed as the excess Rayleigh ratio Rg divided
by the polymer concentration. Rg is obtained as (1) where Iimpl is the scattering
intensity of the complex solution and Ien is the intensity of the solvent. Liene is
the scattering intensity of toluene (the reference), and Riopene is the known Rayleigh

ratio of toluene (2.1 x 102 m™).

I:alup-lr - I>-:-|'\-'--‘nl j"l-‘.‘ul'.n-ul:

Ry=— =" xR X

Eluene

toluens ]

Mt (7.1)

The salt stability of the supramolecular was done mixing a portion of the sample
solution with a very small portion of concentrated NaCl solution, incubated for few
minutes and carrying the DLS measure as before. The last addition of NaCl for a
final concentration of ~1.4 M was incubated overnight and the measurement taken

next day.

7.2.4. Atomic Force Microscopy (AFM). AFM was carry diluting sample with
phosphate buffer (1x) 10-100 times and 3-5 uL of sample of the diluted sample
were deposited onto a clean silicon surface. After 2 minutes the surface was rinsed
carefully with approximately 1 mL of Milli-Q water in order to remove salts and
non-absorbed particles, followed by soaking up of excess water using a tissue and

slow drying under a N, stream.

7.2.5. Cryogenic Transmission Electronic Microscopy (Cryo-TEM). Samples for
Cryo-TEM were prepared by depositing a 5 puL aliquot of the sample solution onto
a copper grid (C-Flat 4/1 400 mesh), previously glow-discharged under low
pressure. After deposition, all the samples were blotted with an automated system
in a controlled environment (Vitrobot MarkIV, FEI) for at least 5 seconds to
remove excess liquid from the copper grids to form a thin sample layer. Afterward,
the samples were plunged into liquid ethane by the vitrobot and transferred to a
cryo-stage (Gatan) precooled to —175 °C with liquid nitrogen. Imaging was carried
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out at 200 kV on a JEOL JEM 2100 transmission electron microscope, and 4K x 4K
images were recorded under low-dose conditions on a CCD camera (Gatan,
US4000). During imaging, the temperature of the sample holder was kept at —175
°C by liquid nitrogen to prevent crystal formation of vitrified water.

7.2.6. Measurement of Length Distributions. Image] was used to measure the

length of the rod-like nanostructures from AFM images.

7.3 Results and Discussion

Our approach is based on a triblock protein-based polymer with the abbreviated
structure Cy-Si-B¥" that was originally designed to co-assemble with DNA into
rod-shaped virus-like particles. In the present work we investigate its co-assembly
with Zn- L,EO, anionic supramolecular polymers, consisting of L,EO, bis-ligands,
coordinated by Zn(II) ions. Together with the Cs-S;o-B¥* triblock protein-based
polymers, the Zn coordinated supramolecular polymers assemble in a highly
cooperative fashion, into highly organized protein-metal nanorods, as illustrated
schematically in Figure 7.1. Each of the three blocks of the C,-S;o-B¥" protein-
based polymer encodes a specific physical-chemical functionality that can also be
recognized in natural viral coat proteins: the “C” block is included for colloidal
stabilization of the nanostructures, the “B” for cationic binding (12 positive
charges) of the protein-based polymer to the template,”” and the silk-like “S;y”
blocks for side-ways interaction between the artificial coat proteins, in order to give
rise to cooperative co-assembly with the template (full sequences in supplementary
information, table S1). Multimers of the silk-like “S” sequence fold into so-called
beta-rolls that stack into stiff, elongated fibers through hydrophobic beta-roll
stacking.'>!® In previous work we have found that a length of 10 repeats of the silk-
like sequence is optimal for cooperative co-assembly (chapter 3). The negatively
charged coordination polymer “Zn- L,EQO, is formed between Zinc (II) and the
coordination ligand “L,EO,”  [1,11-bis(2,6-dicarboxypyridin-4-yloxy)-3,6,9-

trioxaundecane], which chelates a range of metal ions.?® At sufficiently high, but
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Figure 7.1. A) Cationic protein-based polymer Cs-Si0-B¥'2, 1: Colloidal stability domain “C”, 2: self-
assembly domain “Si” and 3: cationic domain “B”. B) Anionic supramolecular polymer “Zn-L,EO4”.
C) Sketch of metal-protein hybrid nanomaterials formed by electrostatic co-assembly. D) AFM image
of highly ordered virus-like C4-S10-B¥'> + Zn-L,EO4 protein-metal nanorods. Scale bar is 100 nm.

equimolar concentrations, Zn(II) and L,EO, form long, supramolecular
coordination polymers.*>*' Instead of Zn(II), (the model metal ion chosen here),
other transition and lanthanide metals could also have been used.® ** For the
experiments described below, we have started at low, but equimolar concentrations
of Zn(II) ions and L,EO, bis ligands, where supramolecular polymers do not yet
form. When such a sample is mixed with a solution of the C,-S;o-B*!? protein-based
triblock copolymer at a charge ratio +/- =1 (where we divide the total positive
charge of cationic binding blocks by the total negative charge of hypothetical
polyanionic coordination polymers), a 6-fold increase in the light scattering
intensity was detected, as compared with a control solution composed of only the

protein-based polymer (Figure 7.2a).
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Figure 7.2. A) Intensity of scattered light (Rayleigh ratio Ry at a 90 degrees scattering angle, in m™)
versus co-assembly time in h of C4-Si0-B¥'? + Zn-L,EOy at a charge ratio +/- = 1 (black squares) and
protein-only control Cs-Sio-BX'? (white triangles) at concentration of ~0.7 mg/mL. B) AFM image
after 24h of incubation for Cs-S10-B¥'* + Zn-1,EOx solution and C) protein-only control Cs-Sio-B¥!?
after 24h. Scale bars are 500 nm.

Dynamic light scattering corroborates that the increase in scattering is caused by
the formation of nanoscale self-assembled objects, with hydrodynamic radii in the
range 50-100 nm (Appendix Figure 7.6). Note that scattering from the initial
equimolar solution of Zn-L,EO, was so weak that no nanostructures could be
detected by DLS, which implies that at these low concentrations, supramolecular
polymers do not yet form by themselves.”” ** Likewise, using DLS we have also
confirmed that at the concentrations used for the co-assembly, the protein
polymers C4-S10-B¥> were unable to self-assembly into long stacks as they do at
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much higher concentrations (chapter 8). Next, we have performed AFM imaging of
the nanostructures formed during co-assembly (Cs-S10-B*'? + Zn-L,EO, at +/- = 1)
after approximately 24h of incubation at room temperature. We find elongated
virus-like nanostructures (Figure 7.1c, 7.2b and Appendix Figure 7.9). On the other
hand, the C4-S1-B*'* protein polymer without added coordination polymer only
shows very small structures, confirming that by itself, at these low concentrations,
it does not yet self-assemble into large supramolecular aggregates (Figure 7.2c and

Appendix Figure 7.9).

Our results are evidence for electrostatically driven co-assembly of the triblock
protein polymers C4-Si-B¥'* with the metal coordinated bis-ligands. Presumably,
the initial electrostatic binding of short negative Zn-L,EO, segments to the cationic
domains in the C4-S1-B*'> monomers, nucleates the self-assembly of the protein-
metal nanorods. Such a nucleation step is required for the stacking and elongation
of the self-assembly domain, as was shown before.** At the same time, the fiber
growth most likely also facilitates the growth of short Zn-L,EO, segments into long
negatively charged supramolecular polymers, by increasing the local concentration
of the components of the coordination polymers, as has also been suggested to be
the case for the micellar systems.” ** Hence we find that polymerization of the
supramolecular polymer and the elongation of the protein-metal nanorods go
hand-in-hand, and that co-assembly can already take place at very low
concentrations, where neither of the building blocks (protein polymer and metal-

ligand) self-assembles by itself.

Next, we followed co-assembly as a function of incubation time, using AFM (see
Appendix Figure 7.7). After 2h of incubation, only very small structures without a
well-defined structure were detected. After 8 hours, some elongated nanostructures
were already detected. Consistent with DLS (see Figure 7.2a), the protein-metal
rods reached their maximum lengths after approximately 24h. Note that other
protein-polymers have also been used for co-assembly with metal coordination
polymers, but these did not form the extremely regular protein-metal nano rods,

with virus-like shapes, that we find here.*® The length distribution of the nano rods
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Figure 7.3. A) Plot of the length distributions as determined from AFM for Cs-S10-B¥'? + Zn-L,EO;4 at
+/- =1 (black) and protein-only control Cs-Sio-B¥'? (red) after 24h of incubation. B) Cryo-TEM of
image of the virus-like protein polymer-metal co-assembled nanostructures. Scale bar is 150 nm.

was determined from AFM images, and is shown in Figure 7.3a. We find that most
of the metal-protein virus-like particles have a length of 120-160 nm, with the
longest lengths being found are 240-280 nm.

This was further confirmed by cryo-TEM (Figure 7.3b and Appendix Figure 7.8).
Interestingly, the maximum scattering intensity is already found at a coordination
polymer to protein polymer charge ratio around +/- = 0.5 (Figure 7.4). This means
that the co-assembly process between C4-S;-B'* and Zn-L,EO, does not require

the neutralization of all the negative charges of the supramolecular polymer.

With an eye to potential applications, we have finally also tested the stability of
the protein-metal nano-rods against changes in solution conditions. First,
complexes were incubated with increasing concentrations of NaCl, while
measuring the intensity of scattered light. No significant variations in the light
scattering intensity were detected even after an incubation for at least 15h at [NaCl]
= 1.4 M, which implies that the protein-metal nanorods, once formed, are
extremely salt-stable (Figure 7.5). Likewise, protein complexes alone remain stable
for at least 4h after sudden dilution by a factor of 500 times with buffer (Chapter 6).
We have not tested assembly of protein nano-rods at high salt and at high

dilutions, hence the observed stability can be either kinetic or thermodynamic.
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Figure 7.4. Absolute light scattering titration at different cationic protein to negative Zn-L,EO4 (+/-)
ratio

Figure 7.5. Salt stability of supramolecular complexes Cs-Si0-BX'? + Zn-L,EOs at +/- = 1. Scattering in
relation to the initial protein-metal solution without any salt addition.

Kinetic stability of protein-metal rods (once formed) would be consistent with the
observation that their assembly kinetics is also very slow (structures equilibrate

after more than 20 hours).

Protein and peptide building blocks such as used in our multi-block protein
copolymer C;-S;o-B*'? allow for extremely good control over the self-assembly of
nanostructures,” and we have shown that this can be extended to protein-metal
composite nanostructures. Our electrostatically direct co-assembly approach can

be used with all other metal transition metals that are able to form coordination
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polymers with the L,EO, bis ligands, such as Eu’*, Gd**, Fe**, Nd*', La’*, etc.,> %% 2®
* making our approach highly versatile. The known biocompatibility of our
protein polymers (see chapter 3) implies important advantages of our approach
over other synthetic approaches, when it comes to medical applications. It
addition, it has been shown that has elongated nano particles can have
significantly longer circulation times than spherical nanoparticles of similar
average size.”’” Our co-assembly approach could be used to create biocompatible
luminescent nano-rods to be used as tracers of biosensors when Europium (III)**
is used to coordinate the bis-ligands. Alternatively, protein nano-rods with
Gadolinium(II) cores could be very useful as magnetic nanoprobes,® in MRI
contrast agent applications. Finally, the recombinant origin of our protein-based
polymers allows for straightforward fine-tuning and the possibility to add extra

functional domains such as for targeting.

7.4 Conclusion

We have demonstrated a versatile approach for creating self-assembled protein-
metal nanorods that are highly regular, very stable and biocompatible. Our results
illustrate the usefulness of the multiblock protein-polymer design methodology for
designing novel biomacromolecules that assemble and co-assemble into well-

defined, functional nanostructures, with many potential applications.
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7.6 Appendix

Table 7.1. Amino acid sequence of protein-based polymer C,-S;o-B¥"?

GCGLGAGAPGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQG
SPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQGSQGNPGKNGQPG
SPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONGQPGEPGSNGPQG
SQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGQPGEQGKPGNQGPAGEPGNPGSPGNQGQPGNKGSPGNPGQPGNEGQPGQPGONG
QPGEPGSNGPQGSQGNPGKNGQPGSPGSQGSPGNQGSPGQPGNPGOPGEQGKPGNQGPAGAGAGAGAGQGAGAGAGQGAGAGAGQGA
GAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAGAGAGQGAKKKKKKKKKKKKGA

Codes: colloidal stability “Cy4” block, self-assembly “Sn” block and cationic “B*'?” block.

Figure 7.6. Hydrodynamic radius of Cs-Si0-B¥'? incubated with negative coordination polymer Zn-
LEOq at +/- = 1 and C4-S10-BX'? alone control after 25h.

Figure 7.7. Kinetics of supramolecular electrostatic co-assembly. AFM images at different incubation
times of solution C4-S1-B¥'? + Zn-1,EQ4. Incubation times are (a) 20min, (b) 1h, (c) 4h and (d) 30h.

Images are 5x5um. Assemblies have same height (~3 to 4 nm).
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Figure 7.8. Cryo-TEM image of SQ10 complexed with negative coordination polymer L-Zn (N/P = 1)
with similar length sizes that observed in AFM. Scale bars are 200 nm.

Figure 7.9. Atomic Force Microscopy of supramolecular hybrid metal-protein nanostructures. Left,
C4-S10-B¥'2 polypeptide incubated with negative coordination polymer Zn-L,EOs at +/- = 1 for 30h.
Right, Cs-S10-B*'? polypeptide alone.
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Templating of artificial viral coat
proteins by a range of negatively
charged polyelectrolytes’

" This chapter is based on Armando Hernandez-Garcia, Martien Cohen Stuart and Renko de Vries
Templating of artificial viral coat proteins by a range of negatively charged polyelectrolytes,
Manuscript in preparation. 2013.



Templating of Protein by Negative Polyelectrolytes

8.1 Introduction

The self-assembly of protein block copolymers has been used to build a range of
nanostructured supramolecular assemblies that could be used in nanomedicine and
material science.”? We have recently designed and produced protein polymers with
the abbreviated structure “C,-S,-B¥'?” that pack single molecules of negatively
charged DNA into regular virus-like supramolecular nanostructures (chapter 3).
These are composed of three functional domains: “C,” is a hydrophilic random coil
of about 400 amino acids for colloidal stability,> “BX!*” a cationic segment made up

»

of 12 lysines' and “S,” is an octapeptide hydrophobic silk-like sequence repeated
“n” times that folds into beta-roll secondary structure, and stacks into fibers, as
reported for similar sequences.”> These novel protein polymers, that mimic viral
coat proteins in many ways, are highly promising to be developed as nanocarriers
for gene delivery. The artificial virus structures can also be used for templating
nanomaterials.” * While we have extensively characterized the co-assembly of these
novel protein polymers with DNA, it may be expected that similar co-assembly
should be possible with other negatively charged polyelectrolytes, since the
oligolysine binding is not at all specific to DNA. Here we therefore investigate the
co-assembly of the artificial viral coat proteins with a range of other anionic
polyelectrolytes. We use atomic force microscopy (AFM) to characterize at single
molecule level the supramolecular complexes formed by the artificial virus capsid
proteins Cy-S10-B¥*? and C,-S,4-B¥'? with a range of anionic polyelectrolytes: poly-
acrylic acid (PAA) of different lengths, poly-styrene sulfonate (PSS) and Xanthan.
This will allows discussing how parameters such as charge density, template
contour length and stiffness influence the co-assembly and final architecture of the

complexes.

In this way, we can arrive at a better understanding of the co-assembly process’
of our artificial virus capsid proteins with polyanionic templates, a strategy that has
already been shown to be very fruitful for studying the co-assembly of natural viral
capsid proteins with synthetic polyelectrolytes.* In addition, nanorods templated
with other anionic polyelectrolytes may be used in similar ways as nanorods
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templated with nucleic acids (be it natural, or artificial rod-like virus structures), to
create nanostructures with a range of applications in biomedical and material

sciences.’

8.2 Materials and Methods

8.2.1. Materials. Na-PAA with molar masses (M) of 150,000-800,000 g mol™" was
purchased from Polysciences, Inc. Reported polydispersities Dp = Mw/My range
between 1.3 and 2.15. Poly(styrene sulfonic acid sodium salt) or just PSS Mw = 263
000 g/mol with Dp = My/Myx = 1.04 was bought from Polymer Source Inc. Xanthan
gum from Xanthomonas campestris was bought from Sigma-Aldrich. The cationic
protein polymers C;-Sio-B¥** and C,-S14-B¥'? were produced biosynthetically by

recombinant yeast Pichia pastoris and purified as described in chapter 3.

8.2.2. Sample Preparation. Aqueous solutions of polyelectrolytes and C4-Syo-B*"
or Cy4-S10-B¥? (up to 5 g L™') were prepared by mixing aliquots of the polymers to
the final desired bulk charge ratio (+/-) in 10 mM phosphate buffer pH 7.4 and 0.1
mM dithiothreitol (DTT) solution. All the solutions were incubated overnight (17-
23h) at room temperature before imaging. The ratio +/—is defined as a total
number of positively charged lysine groups of the B domain over the total number
of (negatively) chargeable groups from polyelectrolytes. Final concentration of
PAA and PSS was 4.0 ug/mL when complexed with C,-S;o-B*'"? (1.56 mg/mL and
0.616 mg/mL, respectively) at +/- = 7.5. When complexed to C;-S14-B¥"* (0.985 and
0.387 mg/mL, respectively) at +/- = 7.5, PAA and PSS were 2.4 ng/mL. The
concentration of Xanthan was 2 ug/mL when complexed with 1.56 mg/mL Cy-Sio-
BKIZ.

8.2.3. Atomic Force Microscopy (AFM). Samples for AFM were prepared by
dropping 5 pl of sample on a clean silicon substrate and left for 5 min followed by
washing with 1 ml of filtrated Milli-Q water to removed salts and non-absorbed
particles. Finally the sample was slowly dried under a nitrogen steam. Multiple

images were collected at 1024 samples per line at scan rate of 0.977 Hz using a
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Digital Instruments NanoScope V and a silicon nitride cantilevers (Veeco, NY,
USA) with a nominal spring constant of 0.32 N m™'. The ScanAsyst™ image mode

was used in air at room temperature.

8.2.4. Image Analysis. Images were processed using NanoScope Analysis 1.20
software and also to measure the height. Length of complexes was measured with
Image] software.

8.3 Results and Discussion

8.3.1. Flexible Anionic Polyelectrolytes as Templates. First we consider co-
assembly of the flexible and anionic poly-acrylic acid (PAA) with the cationic,
artificial viral coat protein polymers C4-S;p-B¥!? and C4-S14-B¥'>. AFM images of the
final co-assembled structures are shown in Figure 8.1. For both proteins we find a
polydisperse mixture of small micelle-like structures (that sometimes appear be
slightly elongated) and long and elongated rod-like structures. The small (rod-like)
micelles correspond to self-assembled proteins as has been discussed in previous
chapters; see the control image in Figure 8.1c. This is expected since we have used a
large excess of protein in order to obtain coat the PAA. The polydispersity of the
long rods clearly reflects the polydispersity of the underlying PAA template, but we
cannot exclude that several PAAs molecules may be involved in individual rods.
Structures formed by C4-S;-B*'* appear as somewhat less structured than those
formed with C4-S14-B*"%. The cross-section of the rods in most cases appears to be
quite homogeneous, although for C,-S;0-B¥"? some sections of the complexes look
thicker than others. Occasionally we find large clusters of several connected rods
(data not shown in image). This may be due to the large excess of protein (+/- =
7.5) since a PAA solution incubated with C,-S;o-B*"> using less protein (charge ratio

+/- = 1) did not show such clusters (Appendix Figure 8.6).

Previously, we have studied the formation of electrostatic complexes between
long PAA (MW = 8x10° Da) with a cationic diblock protein polymer C,-B¥",

lacking the silk-like self-assembly block. For that case, single-chain complexes were

188



Chapter 8

Figure 8.1. Co-assembly of polyacrylic acid (PAA) Mw = 8.0x10° Da with cationic protein-based
polymers. A) Ci-Si10-B¥'? and b) Ci-S14-B¥'2. ¢) Control Cs-Sio-B¥'? without any PAA. Complexes
formed at +/-= 7.5 after 24 hrs of incubation at room temperature.

found with a pearl-necklace structure of connected spherical micelles."* In that
case, the local structure of the micelles is basically dictated by the balance between
the long steric "C" block and the short cationic binding block (B, 12 lysines). In
contrast, for the artificial viral coat proteins that additionally have the silk-like self-
assembly block, the final structures seem to be dictated by the stacking of the silk
blocks.

In order to analyze in detail the effect of the polyelectrolyte length on the co-
assembled structures, PAA molecules of different lengths were co-assembled with
the C4-S1-B*"? and C,-S14-B*" proteins. High magnification AFM images of the
resulting structures for PAA with MW of 1.5 to 8.0x10A5 Da with SQ10 (a-d) and
with SQ14 (e-h) are shown in Figure 8.2. In both cases the length of the complex
increases with the length of the PAA as expected for a complexation of single
polyelectrolyte chains, hence it seems unlikely that complexes involve multiple
PAA chains, as was also concluded for the case of PAA complexes with the C4-B¥'*
diblock copolymer." In all cases the final length of the rod-like complexes is
shorter than the average expected contour length of the PAA, indicating some form
of packing of the PAA chains inside the rods, as was also found for DNA (chapter
3). The heights of the PAA-rods was measured from AFM images, and it was found
that there is a very well defined average height, that was between 2.7-2.8 nm for Cs-
S10-B¥*/PAA rods and 2.5-3.0 nm for C,-Si4-B¥'*/PAA rods. A summary of other
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measured values is shown in Table 8.1, while measured heights can be found in
Table 8.2 of the Appendix. The height of micelles in a C4-S,0-B*"* protein-only
control sample was approximately 2.6 nm, closely matching the height of
approximately 2.8 nm of self-assembled S, domains (with beta-roll or beta sheet
secondary structure) as determined using small-angle X-ray scattering experiments
and computer simulations.> > '® The fact that protein-PAA complexes and protein
structures have the same height strongly suggests that the structure of the
complexes is basically that of a stack of beta-roll or beta-sheet silk-like blocks, with
the PAA wrapping the binding blocks B that are located right next to the silk-stack.
As for the case of DNA, binding to PAA apparently triggers the self-assembly of the
silk-like S, domain, and the PAA template length controls the length of the final
supramolecular complex structure, very similar to what was observed for DNA. In
the final structures, the silk-like core, surrounded by the thin layer of complex
coacervate, is of course stabilized by the very large bottle-brush corona formed by
the C domains. It appears as if the width of C4-S14-B*" rods is significantly less than
that of C4-S10-B*'? rods (xy-axis). This could suggest that the two proteins co-
assemble with PAA in somewhat different ways. Also, as discussed above, for the
case of long PAA (8.0x10° Da) co-assembled with C4-S;-B¥"?, some segments
appeared to be wider than others, and this could possibly point to local backfolding
of silk-stack.

Despite the large polydispersity of the PAA samples, we have attempted to
estimate a packing factor (contour length of template/contour length of rods), as
we have done for the case of DNA. Lengths of complexes of PAA of 2.5 and 8.0x10°
Da with C;-S;0-B¥"* were measured from AFM images, and compared with sizes of
micelles for a protein-only control sample. A plot showing the distributions of the
measured lengths is shown in Figure 8.3. The distribution of the protein-only
control sample corroborates that in this case only short (rod-like) micelles are
formed with lengths <100 nm (~85% of the population). For the PAA complexes
(formed in the presence of excess protein) these micelles were also present, but
these were not taken into account in measuring the length distribution of the

complexes (this was done by ignoring all structures with lengths <100 nm).
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Figure 8.2. Typical supramolecular structures formed between proteins and PAA of different sizes.
Top row are complexes with Cs-S10-B¥'? (a-d) and bottom row are with Cs-Sis-B¥'? (e-h). PAA sizes
are: 1.5 (a and e), 2.5 (b and f), 5.0 (c and g) and 8.0x1075 Da (d and h). Plots next to images are
height profiles of section indicated with a dashed line.

In view of the large polydispersity of the PAA samples, we have used a relatively

large bin size of 100 nm.

The length distribution of complexes for the PAA 8.0x10° Da sample shows two
peaks, one at with average length of 291 + 80 nm and a second with an average
length of 649 + 144 nm. Both are longer than the single peak observed for
distribution of PAA 2.5 complexes (average length of 201 + 73 nm). Next we
estimated packing factors, assuming each rod is formed from a PAA with a mass
equal to the average mass of the distribution. For PAA of 8.0x10° Da, this gives
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Figure 8.3. Length distributions of complexes Ci-Si0-B¥'> with PAA of 2.5 and 8.0x10° Da. The
distribution of complexes with short PAA (2.5x10° Da) is monomodal, whereas that for te longer PAA
(8.0x10"5 Da) appears to be bimodal.

packing factors of 10 and 4.8, respectively, for peak 1 and 2. For PAA of 2.5x10° Da,
we find a packing factor of 4.8. Possibly, the largest PAA has a higher average
packing factor due to the possible back folding that we observed in AFM, as
deduced from the observation that some complex sections were thicker than others
(Appendix Figure 8.7).The second peak for the PAA 8.0x10° Da distribution (649 +
144 nm) could correspond to non back folded structures, and indeed gives a
packing factor of 4.8, equal to that for the shorter PAA. This packing factor
corresponds to a charge density of approximately ~12 negative charges (required to
neutralize a single binding block B) for 0.6 nm of contour length of the rod. This
value is close to values for the height of a single silk-like self-assembly block in the
stack: inter-protein distances found for related silk-like domains are 0.48 nm for a
fully folded beta-roll and 0.7 to 0.8 nm for a partially unfolded meta-stable state.>'
Like for the case of DNA, it appears that charge neutralization fully determines the
binding stoichiometry. Indeed, for that case we found that whereas a double

stranded DNA molecule has a packing factor of 3, reducing the linear charge
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Figure 8.4. Complexation of poly-styrene sulfonate (MW = 2.6x10° Da) with Cs-S10-B¥'? and Cs-Sis-
BKIZ.

Figure 8.5. Complexation of xanthan complexed with protein Cs-Si0-B¥'%. a) Large and b) zoom in
view.

density by a factor of two by going to single stranded DNA, leads to a packing

factor of 6.

Next we compare the results found for PAA with those for some other anionic

polyelectrolytes. For poly-styrene sulfonate (PSS), we find very similar rod-like
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structures (Figure 8.4), with a maximum length found was of ~150 nm.
Unfortunately, in this case, the short length of the template and the excess of
protein added make it difficult to distinguish protein-only micelles from

PSS/protein complexes such that a packing factor cannot be calculated.

8.3.2. Semiflexible Anionic Polyelectrolyte as Template. Finally, we also
consider the case of xhantan, a semiflexible anionic polyelectrolyte with a
persistence length that is significantly larger than DNA: in a recent study, a value
for the persistence length of xhantan was found of 370 nm."” Images of structures
of xhantan co-assembled with C,-S,p-B*'* are shown in Figure 8.5. The complexes
again have a rod-like character similar to the cases of PAA and PSS, but for
xhantan it was much more common to find branches. These were also found in our
study with DNA, more frequent for C,-S;4-B*'"* than for C,;-S;-B¥"%, and more
frequently for very long DNA than for short DNA. The average height of the rods
is similar to that found for PAA and PSS: 2.8 + 0.8 nm. Most likely, rod-shaped
complexes again consist of a single xhantan chain. They have an average length of
1169 + 142 nm, a value that is quite close to the lengths of chains for a xhantan
sample from the same producer, as determined using AFM."” We have not
determined the actual contour length of the chains for our xhantan samples, hence
for the moment we will simply assume that the contour length of our xhantan is
indeed similar to that reported before.” This then would mean that opposite to the
cases of DNA, and the more flexible polyanions PAA and PSS, for xhantan, the
packing factor is close to one. This is in fact quite consistent with the much higher
reported persistence length of 370 nm,” that would make it much more difficult to

introduce the bending that is necessary to achieve packing factors > 1.

Hence, we conclude that there is a competition between the forces that drive
packing (electrostatic complexation and the stacking of the silk-like blocks) and the
elasticity of the template, which opposes packing. Apparently, if the rigidity of the
template exceeds a certain value, co-assembly will still occur, but there is no
packing of the template. It would be interesting to determine using more
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Table 8.1.

Summary of physical parameters of naked negative polyelectrolytes

and its protein C;-S;o-B¥'? complexes.

Anionic Polyelectrolytes Complexes with protein
P, L¢ Charge density | Height | Lc | Height | Packing
(nm) | (nm) | (one - per nm) (nm) |(nm)| (nm) Factor
PAA 231 2.7
~0.7'%| 964 0.24 nd ~4.17
2.5x10° Da +82| 0.7
404
PAA 2.8
~0.7'%| 3087 0.24 nd + ~7.64
8.0x10° Da +0.7
189
PSS 2.5
~18.6"| 396 0.24 nd nd nd
2.62x10° Da + 0.6
DNA?
5 <3 | 2465 0.17 nd  [~400] nd -6
7249 nt
dsDNA?
~50 850 0.17 nd ~300 2.8 ~3
2.5kbp
1170 )8
Xanthan | 370" |1170" nd 0.48 + N 0 g ~1
142 ~
C4-S10-B¥2 76 2.6
- - - nd -
control +35| +0.7

P.: Persistence length, Lc: Contour length, ND: Unknown. * Data from Chapter 3

quantitative binding experiments whether this also implies that co-assembly with

stiff templates does not lead to full charge neutralization of the binding blocks.

8.4 Conclusion

We have shown that, similar to the case of DNA, the artificial virus capsid

protein-based polymers C4-S;0-B¥* and C,-Si;-B¥"? form elongated rod-like

complexes with single chains of a range of negatively charged polyelectrolytes

(PAA, PSS and xanthan). The structure of the complexes most likely is that of a

stack of silk-blocks with pendant binding blocks B that are completely or partially
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neutralized by the polyelectrolytes. This core structure is surrounded by a bottle-
brush corona formed by the C;-domain. Flexible polyelectrolytes, such as PAA and
PSS were found to have packing factors > 1, whereas the much stiffer xanthan
polyelectrolyte was presumably not packed: the length of the Xhantan complexes
was equal to the (assumed) length of the Xhantan template. Hence, there is a
competition between the forces that drive packing (electrostatic complexation and
the stacking of the silk-like blocks) and the elasticity of the template, which opposes
packing. Possibly, for stiff templates, co-assembly takes place without the full
neutralization of the binding blocks that appears to take place for more flexible
templates. As was done previously for natural virus capsid proteins, we here find
significant mechanistic insight in the co-assembly of our artificial virus capsid
proteins, by considering their interaction with a range of other anionic

polyelectrolyte templates.

In addition, the present study highlights a novel way of templating anionic
polyelectrolytes, thus providing a new route to prepare nanostructured materials

with high aspect ratios, for a range of applications in material sciences.
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8.6 Appendix

Figure 8.6. Complexation of polyacrylic acid (PAA) 8.0x10° Da with cationic protein-based polymers
C4-S10-B¥'2 at charge ratio +/-= 1 after 24 hrs of incubation.

Figure 8.7. Complexation of PAA MW = 8.0x10° Da with cationic protein-based polymers Cs-Sio-B*'?
at charge ratio +/-= 7.5 after 24 hrs of incubation forming partially folded structures seen as wider
segments.
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Table 8.2. Height profiles (nm) of PAA complexed with protein polymers

PAA size MW (x10° Da)
1.5 2.5 5
Cy-S10-BX122.7+0.6[2.7+0.7 (2.7 +0.7| 2.8+0.7
Cy-S14-BX2125+0.8(3.0+0.7(25+0.6| 2.6 0.8
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Summary and General Discussion

9.1 Main concepts

In this thesis I demonstrate that it is possible to use Protein-based Polymers
(PbPs) as synthetic binders of DNA (or other negatively charged polyelectrolytes).
The PbPs co-assemble with their DNA templates to form highly organized virus-
like particles and supramolecular structures. A range of PbPs have been developed
over the last decades that can be used as precision functional polymers, and which
integrate the unique properties of both proteins and polymers. Many PbPs are
based on nature-inspired simple repetitive amino acid sequences. In this thesis,
different kinds of such sequences have been combined into PbPs that mimic
complex natural functionalities. Being intermediate between proteins and
polymers, we have been able to mimic complex functionalities typically found for
folded proteins, while retaining the tunability and ease of control that is more
characteristic for (synthetic) polymers. Indeed, using clear design rules,
biosynthetic PbPs sequences have been obtained and produced that co-assemble
with nucleic acids to form true artificial viruses, which mimic their natural

counterparts in many respects.

Our motivation for developing artificial viruses derives among others from the
growing interest in exploiting natural self-assembled virus structures to develop
nanostructured materials. In addition, natural viruses are being used as scaffolds
for delivering DNA in the context of gene therapy, to serve as vaccines (by
displaying antigens), to template diverse materials, to produce energy, to catch
light, to catalyze reactions, to serve as contrasting agents, etc. Developing artificial
viruses would serve not only to advance our capabilities to understand and control
the co-assembly of nanostructures, but would also generate useful synthetic
biomaterials that are even more suited than natural viruses to be used as building
blocks for nanostructured materials. In short, the successful development of
artificial viruses may be expected to give rise not only to new insights on templated
self-assembly, but will also be very important for a range of applications. Key

concepts in this thesis are:
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Recombinant production of Protein-based Polymers. In chapter 2, 3 and 5 we
show that the recombinant production of Protein-based Polymers that bind DNA
is possible with relative high yields. We have shown this using both purely cationic
blocks (Chapter 2 and 3) and using a naturally occurring folded (basic) DNA
binding domain (Chapter 5). Yields ranged between 0.1-1 g per L of (cell-free)
medium, when using 2.5 L fermentors. This demonstrates that DNA-binding PbPs
that featuring both silk-like self-assembly domains and basic (cationic) DNA-
binding domains are not too toxic to be efficiently produced by the recombinant

yeast cells used for fermentation.

Coating/packing of single DNA molecules. This is demonstrated in chapters 2, 3
and 5. We also demonstrate coating of single negatively charged supramolecular
metal-coordinated polymers in chapter 7, and coating of flexible synthetic negatively
charged polyelectrolytes in chapter 8. Inserting of coated DNA into nanochannels

was shown in chapter 4.

Templating. The coating of single chain molecules by our PbPs implies that they
can turn a wide range of linear chain molecules into templates for creating

precisely defined nanostructures (Chapter 2, 3, 5, 6, 7).

Bottle-brush Stiffening. Stiffening a stretching of single DNA molecules by
coating them with polypeptide bottle brushes is illustrated and applied in chapters
2,4 and 5.

Supramolecular virus-like nanostructures. Elongated supramolecular virus-like
nanostructures were obtained for all the PbPs when complexed with DNA as
illustrated in chapters 2, 3 and 5. These structures are highly reminiscent of the
structure of cylindrical viruses such as TMV. In chapter 7 and 8 we show that
virus-like nanostructures can also be obtained using other negatively

polyelectrolytes and supramolecular polymers as a template.
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Non viral gene delivery. The developed artificial viruses that we have developed
are able to do gene delivery with efficiencies superior to polymeric standards and
similar to that of lipid standards (chapter 3 and 5).

9.2 Summary

The main part of the thesis is divided into three parts. In part I, “Complexation
of DNA into virus-like particles”, we describe details of the molecular biomimetic
strategy to design and produce PbPs with functionalities that mimic those of
natural viruses. Part II, “Applications of protein-DNA complexes”, deals with the
development of diblock PbP that coat DNA, and with their applications in gene
delivery and optical mapping of long DNA. Finally, in part III: “Supramolecular
nanostructures beyond DNA” we consider the co-assembly of our PbPs with
templates other than DNA, and also consider their self-assembly in the absence of
DNA.

Part I “Complexation of DNA into virus-like particles”. In chapter 2 we
describe the recombinant production of a diblock PbP with a large hydrophilic
sequence for colloidal stability and a short cationic sequence for electrostatic
complexation. Due to the extreme asymmetry in the lengths of the two blocks,
complexes of these PbPs with (monodisperse) DNA are monodisperse elongated
rod-like structures that reassemble rod-like virus structures. When coated with the
diblock PbP, the DNA acquires a "bottle-brush" corona that provides colloidal
stability against aggregation, for at least several days. The length of the co-
assembled structures is dictated by the contour length of the DNA template, such
that the coated DNA becomes very suitable for use as a template for creating
further nanomaterials. The diblock PbPs can also help stretching DNA molecules,
by making them stiffer. Finally, the diblock PbPs are a scaffold structure that can

eventually be developed into artificial viruses.

In chapter 3 we elaborate on the diblock design of chapter 2 and recombinantly

produce four new triblock PbPs by also including a central silk-like self-assembly
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domain (each PbP having a different length of the self-assembly domain). The self-
assembly domains establish lateral protein-protein interactions with a strength that
depends on their length. We find that triblock PbPs with a length of the self-
assembly domain beyond some critical value behave as minimal artificial viral coat
proteins. These triblock PbPs bind to- and pack single DNA molecules into rod-
shaped virus like particles (VLPs) in a highly cooperative way. Inside the VLPs,
DNA is protected from enzymatic digestion, and the VLPs efficiently deliver DNA
to human cancer cells for expression. The kinetics of encapsulation was found to be
highly similar to that of TMV, and can be described by the same kinetic model.
Thermodynamic parameters for the kinetics of VLP formation were found to be
very similar to those for the in vitro formation of TMV. In short, the VLPs behave
in many ways as artificial viruses. We conclude that simple rules to translate
physical functionalities of natural proteins into minimalistic polypeptide domains
allows for the design multiblock PbPs that can faithfully mimic the assembly and
some of the functional properties of viruses. Such a biomimetic supramolecular
approach holds a great promising for mimicking other natural functional

supramolecular structures.

Part II “Applications of protein-DNA complexes”. In Chapter 4 we
demonstrated that by coating single DNA molecules and placing them inside
nanochannels is possible to resolve fluorescent markers along the DNA chain. This
is made possible by the stiffening effect provided by the diblock PbP (chapter 2)
that forms a bottle-brush around the DNA. When the diameter of the
nanochannels is below the effective persistence length of the coated DNA, it can no
longer bend inside the nanochannels and hence becomes stretched. The imaging of
the single DNA molecules was achieved using a fluorescence microscope equipped
with an ultra-sensitive camera. This chapter provides proof-of-concept of the use
of diblock PbPs for enhancing DNA stretching in nanopores, for optical mapping
of long DNAs.

In Chapter 5 we design and produce recombinantly a diblock PbP that
incorporates a natural folded DNA binding domain, called “Sso7d”, made up of 63
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amino acids. The DNA binding domain is coupled to a very long hydrophilic block
(~800 amino acids) that provides shielding and colloidal stability. As compared to
the initial DNA-binding diblock PbPs of chapter 2, this eliminates the unspecificity
of the cationic domains and gives specificity for DNA. Full coating of different
types of single DNA molecules was achieved: double stranded linear DNA, double
stranded circular DNA and single stranded DNA. We find a number of remarkable
differences as compared to the unspecific DNA-binding diblocks: the DNA twist
induced by binding of the B%°7 domain leads to the unwinding of plectonemically
supercoiled DNA such that complexes appear as circles. This is in contrast to the
case of the unspecific DNA-binding diblocks, that form complexes that appear as
thick rods, with tightened plectonemic supercoiling. When binding to single-
stranded DNA, the DNA unspecific diblock PbPs cannot completely prevent
intramolecular base pairing such that the resulting complexes appear as compact
and highly branched in AFM. In contrast, the DNA specific diblock PbPs are able
to nearly completely prevent base pairing, such that complexes with circular single
stranded DNA indeed appear as circles in AFM. Since the coated single stranded
DNA is quite stiff, this opens up the possibility to stretch single long single
stranded DNA in nanochannels, thus allowing optical mapping of single stranded
DNA. Finally, the diblock PbP with the B*”¢ DNA binding domain is shown to be
an effective nanocarrier of DNA into cells, and to be non-toxic and non-hemolytic.
Our results indicate that fusions of natural folded DNA-binding domains with
PbPs are promising functional biomaterials for DNA-related applications. More
generally, the results indicate the many new application possibilities that may arise
when combining the unique properties of folded natural proteins with those of
PbPs.

Part III “Supramolecular nanostructures beyond DNA”. In Chapter 6, we
perform a detailed characterization of the self-assembled nanostructures formed by
the triblock PbPs of Chapter 3 in the absence of a template. We characterize the
dependence of the self-assembly on key variables such as self-assembly time, and
protein concentration. Whereas at low concentrations, the triblock PbPs appear to
form irregular micelles, we find that beyond a well defined critical concentration,

206



Chapter 9

the triblock PbPs start self-assembling into well defined nanorods, with lengths that
depend on the protein concentration and protein design, in particular the length of
the silk-like self-assembly block. Especially the latter correlation is highly relevant
for improving design rules for self-assembling PbPs. Finally we show that the self-
assembled nanorods are highly stable against dilution. The self-assembled protein
nanorods are interesting scaffolds for nanomedicines, e.g. for delivery or

multivalent display applications.

Chapter 7 describes the hierarchical co-assembly of the cationic triblock PbPs of
Chapter 3 with negatively charged supramolecular polymers that are coordinated
by metal ions. This results in highly regular, protein-metal nanorods. These novel
self-assembled nanostructures can incorporate a large variety of metal ions, and are
highly stable even at high salt concentrations, such that they could have a variety of

applications, e.g. in nanomedicine or molecular electronics.

Chapter 8 describes the characterization of the electrostatic co-assembly of the
triblock PbPs of Chapter 3 with several negatively charged polyelectrolytes of
different molecular weight, and different flexibilities. As it turns out, all of them
can function as template for the formation of rod-shaped virus-like particles, as
was found earlier for DNA, in chapter 3. The polyelectrolytes that were tested are
polyacrylic acid and polysulfonate, and xanthan. From extensive AFM imaging
experiments, we conclude that the packing factor (contour length of rod-shaped
virus like particles divided by the contour length of the template) depends on the
intrinsic properties of the polyelectrolyte, in particular the charge density and
stiffness. We conclude that the co-assembly of polyelectrolytes with the triblock
PbPs is a very straightforward way to produce a variety of templated linear
nanostructures, with many potential applications in the synthesis of

nanostructured materials.
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9.3 General Discussion: Artificial Viruses

9.3.1. Design of Artificial Viruses. The idea to develop an “artificial virus” or
“synthetic virus” was first proposed by a number of groups interested in achieving
high efficiency, non-viral gene therapy. Other people have also proposed artificial
rod-like viruses with high aspect ratio can be interesting model systems for liquid
crystals.” * The first molecules designed for gene therapy were based on cationic
lipids or polymers. The compounds condense DNA into relatively large particles of
limited stability.> As groups started finding more and more limitations of such
compounds, they started exploring a range of strategies to improve their non-viral
vectors.* A recurring theme is the literature on non-viral gene therapy has been the
desire to imitate natural viruses that deliver DNA with high efficiency into the cell

nucleus.?

The term “artificial virus” or “synthetic virus” can be found in the scientific
literature starting from the middle of the 1990’s" * *® and the use of this term has
slowly increased up to the present day.”* It should not be confused with the de
novo synthesis of a viral DNA or an RNA genome, as was reported in 2002.”" The
first mention to a “synthetic virus-like gene-transfer system” was in 1994 by the
group of Ernst Wagner. They incorporated a short peptide sequence derived from a
virus coat protein into positively charged polylysine-DNA complexes. Once inside
the cell, these peptides disrupted the endosome and promote the gene transfer.”
This original idea has motivated many other groups to also start to incorporate into
extra functional sequences into non-viral gene transfer agents in order to mimic
functionalities of real viruses. Another common element has become the
incorporation of sufficient hydrophilicity, for example through addition of
polyethylene glycol (PEG) blocks, in order to obtain colloidal stability,* which also
reduces toxicity of cationic sequences. Furthermore, specific ligands have been
added for cell targeting.>” Many peptide sequences, especially from viruses, with a
so-called "proton-sponge effect" (acidification) were found, and utilized for
promoting endosome escape. Also, nuclear pore targeting sequences were
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Figure 9.1. Some steps in the lytic replication cycle of an enveloped virus are illustrated for rabies
virus. After a virion adsorbs to a specific host membrane protein (step 1), the cell engulfs it in an
endosome (step 2). A protein in the endosome membrane pumps protons from the cytosol into the
endosome interior. The resulting decrease in endosomal pH induces a conformational change in the
viral glycoprotein, leading to fusion of the viral envelope with the endosomal lipid bilayer membrane
and release of the nucleocapsid into the cytosol (steps 3 and 4). Replication of the viral RNA genome
(step 5) and (step 6). Steps 7 to 13 were omitted. Image taken from: Section 6.3, Viruses: Structure,
Function, and Uses Molecular Cell Biology. 4th edition. Lodish H, Berk A, Zipursky SL, et al. New
York: W. H. Freeman; 2000. Copyright © 2000, W. H. Freeman and Company.

incorporated in the vectors in order to reach the nucleus.> ¢ All these
improvements, which were obtained through innovative new chemistries, have

much improved the initial results obtained with the simpler polymer-based vectors.

A first generation of “artificial viruses” mainly aimed to imitate in non-viral
vector designs (polymer or lipid- based) the first steps of the lytic cycle of viral
replication: cell targeting, uptake, endosome-disruption and nucleus targeting
(Figure 9.1). Those steps indeed determine the high delivery efficiency that
characterizes natural viruses.* *'° However, in this work, no attention whatsoever
was given to the structural features of the delivery vehicles at the nanoscale, and
properties that arise from their structural features that also determine at least part
of the delivery part of the lytic cycle. Such features could include, for example, a

highly ordered nanostructure, specific molecular arrangements at the nanoscale,
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etc. At least in part due to the limited control over the structure of the non-viral
gene delivery vehicles, none of the polymer-based systems have actually reached
clinical trials (most did not go beyond animal studies), only a few lipid-based ones
have.” By looking at the large number of clinical trials that use viral vectors or even
naked plasmid DNA instead of non-viral vectors, we can conclude that non-viral

vectors have been very unsuccessful so far.

At the same time, our understanding of natural viruses is increasing rapidly. In the
last decades, in particular our understanding of the structure of natural viruses has
reached new heights. For several viruses, detailed understanding is now available
on their mechanism of infection and replication. Following the paradigm
“structure determines function”, many scientists have advocated that it is necessary
to unravel the structural details of viral coat proteins and viruses. Indeed, nowadays
sub-nanometric details of many virus structures are well known. After a century of
intense research on virus structures, in 1982 the Chemistry Nobel prize was
awarded to Aaron Klug for the “structural elucidation of biologically important
nucleic acid-protein complexes”.* This includes the structure and self-assembly
mechanism of several viruses, the best known one being the tobacco mosaic virus
(TMV)** (Figure 9.2). His studies “illuminated” important principles about the
spontaneous formation of viral particles from their components. Unraveling
structural features of simple viruses such as TMV, and mechanistic insights into
their formation, have contributed significantly to our ability to understand viruses,
which is a prerequisite for eventually designing an artificial, man-made version of a
virus. Indeed, designing a delivery system that precisely imitates fundamental
structural features of viruses could lead non-viral delivery systems with efficiency
close to or even superior to that of natural viruses. Such artificial functional
systems may be expected to be (or can be designed to be) much more easy to tune
and control than the natural systems, which also provides additional options to
remedy problems such as safety issues that arise when natural viruses are used for

gene transfer.
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Figure 9.2. A, Self-assembled structure of tobacco mosaic virus capsid protein (TMV). B, Biomimetic
approach to build an artificial virus with controlled nanostructure and nanoarchitecture. C, examples
of biosynthesized protein-based polymers for binding DNA in this thesis that form nanostructures
with DNA that reassemble artificial viruses in many respects.
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Some of the key features found in natural viruses that are still missing in current
non-viral gene delivery systems are: cooperativity, precise control of
nanoarchitecture and the self-assembly of the nanostructure, allosteric regulation,
molecular recognition of the cargo, responsiveness and control of virus size
dictated by cargo size (templating). It may seem to be a daunting task to design
building blocks for mimicking natural viruses, given the fact that nature has had
millions of years to evolve current virus structures. An important question that can
serve as a start, however, is: how to translate specific viral features and viral
functionalities into separate building blocks that we can design independently.

Could this be achieved in a “simple” and attainable way?

From the previous discussion it is clear that there are two complementary
approaches that both aim at developing an artificial virus: one that focuses on
mimicking the “functional” properties of a virus (cell targeting, endosome escape,
etc.) and another one that instead aims at mimicking the structural- and physical
features of viruses at the nanoscale (cooperativity, nanostructure, molecular
recognition, allosteric responsivity but also size, shape and nanoarchitecture). I
strongly believe that only a convergence between these approaches can lead to the
development of a real nanosystem that can be considering an artificial virus and
therefore, can be expected to push forward the development of efficient non-viral

delivery systems.

Besides of the interest in gene therapy, several other fields, especially in material
sciences, have been inspired by viruses. In materials science, viruses have been used
as robust and well-defined structures at the nanoscale, that can be building blocks
for further processing.” Indeed, natural viruses are now being used as scaffolds and
building blocks in material sciences, and are expected to revolutionize methods of
synthesizing and manufacturing advanced nanostructured materials.*> *' Virus-
inspired self-assembly is also important in materials science, for example, peptides
have been designed that self-assemble around carbon nanotubes, via molecular
recognition.” Several other examples exist of designed molecules (mainly protein-

or peptide based) that form virus-like particles,*" *> ¢ for which the authors do
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not even give a particular application, but instead simply assume that the ability to
self-assemble structures with sizes and shapes of viruses can be important in many

applications.

The aim of this thesis is to develop a strategy that in principle allows for the
convergence of the two approaches mentioned above, even though (due to time
restrictions) most of my efforts have been focused on the second approach. The
approach involves designing proper polypeptide building blocks, that (when
combined into multiblock polypeptides) can co-assemble with DNA into virus-like
particles. The particles that we aimed to develop should be highly ordered, and
feature precise control of their nanostructure and nanoarchitecture, as well as

displaying as much functional virus properties as possible.

Our building blocks are based on simple polypeptides or protein-based polymers
(PbPs). PbPs were chosen because we can achieve high control in the interactions
that they establish with each other, and with other molecules, in this case DNA.
(see Introduction section 1.1.2). PbPs can include blocks with well defined
secondary structure, and at the same time behave to some extent as polymers,
making them more tunable and designable. The ability to combine multiple
functional blocks to create multifunctional PbPs has made them a very important
platform to create complex, functional nanostructures. In this thesis we
demonstrate that PbPs are highly promising for use as materials to make artificial

virus particles. PbPs can encode properties such as:

Control of cargo size for delivery vehicles, by packing a fixed number of DNA

molecules (e.g. a single molecule) into a protein nanostructure —chapter 2

Cooperativity and precise control of the nanostructure and nanoarchitecture —
chapter 2 and 3

Precise molecular recognition chapter 5 (Figure 9.2c).
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Other important features of viral self-assembly, such as allosteric regulation are
not addressed in this thesis, but could be added in further work.

It is very important to mention that due to the recombinant origin of the PbPs
we have full control of their amino acid sequences. This is important, considering
that in some cases, for natural folded proteins, single amino acid variations in the
sequence can lead to disastrous complete loss of functionality.

Control of the cargo size for artificial viruses (e.g. make an artificial virus that
encapsulates 1 DNA molecule) has been one of the first aims in developing an
artificial viruses. Most polymer vectors form large particles carrying multiple DNA
molecules, with sizes that are poorly controlled. DeRouchey et. al. 2006 first
reported the monomolecular coating of DNA.*” However, they their polymeric
vectors at very low concentrations of DNA, in order to avoid inter-molecular
bridging of the DNA. In chapter 2, we demonstrate that the length of the binding
block matters and that it should be reduced to very short lengths, in order to avoid
any kind of bridging while still allowing for the coating of single DNA molecules.
This prevents bridging and hence aggregation at high concentration regimes, such
as is observed when using longer binding blocks.*® Our control of the binding of
PbPs to one single DNA molecule leads gives us control of the cargo size, a
property exhibited by most natural viruses, and a prerequisite in order to obtain a
true artificial virus (Chapter 3). This property of our PbPs, in principle also allows
for the use of DNA as a template for developing other well defined linear
nanostructures. The capacity of of our PbPs to bind to and encapsulate a single

DNA molecule is illustrated in Figure 9.3 (from chapter 3).

After achieving precise control in the cargo amount (one single DNA molecule)
a next feature that we wanted to incorporate is more control over the nanostructure
and nanoarchitecture of the complexes. This requires control over polymer

interactions that is hard to achieve using “simple” polymeric systems such as those
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Figure 9.3. Binding and packing of a single DNA molecule by protein-based polymer Ci-Sio-B¥'2.
AFM images from ch 3, scale bar is 200nm. (Chapter 3).

based on polyethyleneimine, poly(2-dimethylaminoethyl methacrylate)
(PDMAEMA). 1t is also very difficult to obtain highly regular structures with
controlled size when using lipids. Designing from scratch a folded globular protein
that achieves similar functionalities as those of natural viral coat proteins is still
impossible at the persent state of art of the de-novo protein design.*” For example,
designing protein nanocapsules that self-assemble upon binding to a specific cargo
is a goal that has not yet been achieved. This would be an important next step for
the future and initial steps in this direction have indeed been recently made (the
design of empty nanocapsules.” With respect to design of complex multifunctional
self-assembling macromolecules, the PbP-approach is uniquely versatile and
reliable. Indeed, in chapter 3 we demonstrate that we can combine a silk-like self-
assembly domain that folds into precise secondary nanostructures called beta-rolls,
with a DNA binding moiety to obtain a molecule that stacks into fiber-like
nanostructures when binding to DNA. Several other rather simple self-assembling
peptide sequences have been reported in literature, which could also have been
used for our purpose. The advantage of using multiple repeats of such simple
(short) sequences is that we can control the strength of the interactions easily by
tuning the length of the self-assembly block (Chapter 3 and 6, Figure 9.4). As the
PbPs already establish lateral interactions, it is sufficient to use weak cationic
binding blocks (e.g. short stretches of basic amino acids) to bind to the DNA. This
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Figure 9.4. Modulation of the cooperativity strength by controlling the length of the self-assembly
domain “S»”. (Chapter 3).

approach allows for control of the nanoarchitecture, without using complex and
elaborated protein folds. On the other hand, a polypeptide is required to attain the
regular nanostructures we find that are ultimately based on secondary structure
elements, whereas with traditional polymers this would be, since these typically
lack the fine control over secondary structures that is available for polypeptides.
Protein science has evolved to the point where there are clearly established
consensus sequences that fold into regular secondary structures, which implies that
there is a wealth of structural elements that can be directly incorporated into PbPs.
Indeed, in chapter 3 we show that by precisely tuning the strength of the silk-like
self-assembly block, we can find an optimum for which fibrilization only occurs on
the DNA (see Figure 9.4) and not in the bulk.

The incorporation of a self-assembly domain brings about a cooperative self-
assembly mechanism, a feature that so far has not been incorporated explicitly in
current designs of non-viral vectors. Cooperativity is an essential feature found in
all living systems and viruses.”® It was called "the second secret of life " by the
famous scientist Jaques Monod, second only to the structure of DNA.’' Indeed,
cooperativity is a key feature that allows for the reliable organization of small
building blocks into highly organized, large structures. Hierarchical complexity

mediated by cooperativity has been argued to be responsible for emergent
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properties in living systems. In viruses, cooperativity also plays a key role in the co-
assembly of viral particles around the target polynucleotide (genome of the virus),
and can prevent viral particle formation the absence of the proper template. It
assures full protection due to the all-or-nothing encapsulation of the genome. In
viruses, cooperativity is often mediated by protein-protein interactions that are
allosterically regulated. The allosteric or conformational control has been
pinpointed as the heart of the cooperativity. In chapter three we describe similar
features for our artificial virus particles. The self-assembly of the silk-like domain is
triggered with a nucleation step, where several polypeptides find each other
through hydrophobic interactions. Next, they fold in the proper secondary
structure and stack into fibers. By binding the PbPs, the template dramatically
increases the local concentration of PbPs, and hence promotes the formation of the
tiber-like structure that packs the DNA. Although cooperativity typically hard to
tune, we have shown how this can be achieved by varying the length of silk-like
self-assembly domains, and how such control can be exploited in a synthetic virus.
Explicit control of cooperativity is new for non-viral vectors. Lipid-based vectors
can also be said to exhibit some kind of cooperativity, in view of the existence of
critical concentrations such as the critical micelle - and critical aggregation

concentration.

Viruses have evolved to recognize and specifically pack their own genomes. In
many cases, they have an origin-of-assembly sequence where the first building
blocks start to pack the on the nucleic acid. The ability to trigger self-assembly
using its own genome is an advanced molecular recognition that is way beyond the
capabilities of the simple cationic binding blocks we use here. As a first step toward
the incorporation of more specific molecular recognition in PbPs, in Chapter 4, we
joined together a domain that binds specifically to DNA (and not to any negative
polyelectrolyte), to a protective PbP sequence. Hence, we had shown that it is also
possible to engineer much more specific domains into artificial viral coat protein
designs. If a domain that binds sequence specifically would be combined with a

self-assembly and a shielding domain that provides colloidal stability, we would
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Figure 9.5. Gene delivery efficiency of some produced protein-based polymers in this thesis
compared with commercial standards. (Chapter 3).

potentially have a PbP that could preferentially encapsulate specific polynucleotide

sequences.

Our artificial virus designs, either with self-assembly domain or without, have
been shown to effectively deliver DNA into cells with efficiencies better than a
polymer standard and with similar efficiencies as a lipid standard (chapter 3 and 5).
Here, not only the structural features are important, but many other parameters
also come into play such as biocompatibility and toxicity. We found that our PbPs
were highly biocompatible in the sense that they had very low toxicity and
hemolytic activity (chapter 5). Their relatively high transfection efficiency
combined with the good safety profile, make them promising scaffolds for future
non-viral vectors (Figure 9.5), that could additionally include extra functional

sequences such as endosome escape- or targeting sequences.

The main message of the above arguments is that the design of efficient non-viral
vectors unavoidably has to go in to the direction of control of structural details at

the nanoscale, in a similar ways as done by viruses. It is not enough to just
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incorporate unstructured sequences for which some particular functionality has
been reported when that sequence is in some particular context. A further
organizational level is required that can only be achieved using more sophisticated
molecular designs, such as protein-based polymers that (as we have shown) are
quite amenable to engineering via tuning of relative blocks lengths, and in addition
can be produced at a large scale. As long as we do not connect the desired
biological functionalities with control over the self-assembly of precisely defined
nano-architectures, we will not go beyond the delivery efficiencies of current non-
viral gene delivery agents, that cannot really be called artificial viruses yet. Instead,
we should take examples from the structures and mechanism found in simplest
viruses in nature, in order to expand the boundaries of our molecular design
capabilities. Finally, last but not least, learning how to build an artificial virus may
also have implications for the study of the origin of life, since precise self-assembly
of organic molecules into organized systems, is supposedly how life could

originated.>

9.3.2. Other Applications. Besides the already mentioned application in gene
delivery, our designed PbPs may have further applications in material sciences and
in genomics. By coating monodisperse single DNA molecules with the
polypeptides (chapter 2 and 4) is possible to deposit on them metal particles that
can serve to manufacture metal nanowires.” Triblock PbPs have already a cysteine
that is solvent exposed (Chapter 3). Through that cysteine is possible to deposit
gold and other metals by simple chemical reducing methods.> ** Another
interesting application is stretching single DNA molecules inside nanochannels to
resolve fluorescently labeled genetic markers or mutations (Figure 9.6). This
approach exploits the formation of a bottle brush around the coated DNA to make
is stiffer and reduce its bending conformations. Chapters 2, 4 and 5 demonstrate
these principles. This idea can be extended to different types of single DNA
molecules (single stranded, double stranded, linear, circular and supercoiled)
(Figure 9.7). The flexible design of the PbPs, makes them broadly applicable. The
enhanced stretching due to a bottle-brush coating is quite promising for
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Figure 9.6. (A) Stretching a single DNA molecule inside a nanochannel by coating it with protein-
based polymer Cs-BX'2. (B) Effect in the extension of the DNA molecule when coated. (C) Resolving
fluorescently labeled genetic markers and compared with standard “DNA combing” method.
(Chapter 4).

developing technologies for efficient optical mapping and sequencing of long DNA
molecules. In chapter 7, we show that triblock PbPs can also form supramolecular
rod-like nanostructures of different sizes by themselves, which could have a whole

range of other applications.

Due to their high aspect ratio, artificial virus-like particles could be used as a
route to produce biomolecular lyotropic liquid crystals with highly tunable
properties." In chapter 8, we show the production of hybrid metal ion-proteins
nanostructures via co-assembly of PbPs with metal-coordinated supramolecular
polymers. In this case some principles used for developing the artificial viruses
were used, such as electrostatic co-assembly and cooperativity but we also exploit
the capability of the metal ions to coordinate supramolecular polymers. In this way
triblock PbPs can be used to develop functional materials based on metals with

applicability in material science and nanomedicine (Figure 9.8).
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Figure 9.7. Stretching single DNA molecules of different conformations with protein-based polymers.
Supercoiled pDNA with (a) Cs-BS7d (b) C4-B¥'2. Single stranded circular DNA from M13 virus with
(c) Cs-B%7d (d) C4-BX12, C4-BX¥'2with double stranded linear DNA (e) 8.0 kbp and (f) 2.5 kbp. (Chapter
5).

Figure 9.8. (a) Virus-like nanostructures between polymer-based polymer Ci-Sio-B¥? and a
supramolecular metal (Zn?*) polymer. (b) High stability hybrid protein-metal functional materials
can be obtained for applications in material science and nanomedicine. (Chapter 7).
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9.4 Perspectives

9.4.1. Protein-Based Polymers that Bind DNA. In order to further develop PbPs
that bind to DNA we first need to understand some detailed issues related to their
co-assembly that are somewhat unclear. This includes, in particular, an
understanding of the conformational changes that the self-assembly domain and
DNA undergo upon PbP binding, stacking and during elongation of virus-like
particles. It is not clear if the DNA conformation inside the complexes has some
regular pattern or not. Further questions are: does the self-assembly block also
interacts with the hydrophobic core of the DNA? There seem to be some
indications for this from fluorescence data (not reported in this thesis). Other
questions: do the cationic blocks bind to the minor or major groove or both? Is the
hydrophobic self-assembly domain forming beta-rolls or beta-sheets? Are the self-
assembly blocks folded when free in solution? Finally, it would also be good to have
high quality binding isotherms for PbPs with DNA, which are currently, are not yet

available.

Beyond these detailed questions, there is also still much room for improved
understanding and control of cooperativity. The latter is extremely important since
it can be used to impart a robust responsivity to self-assembling systems. In this
thesis we have focused on linear self-assembled structures, and it would obviously
also be of great interest to try to design other types of nanostructures using our PbP

approach, such as spheres, tubes, triangles etc.

A question of biological relevance is how the complexes between the PbPs and
the DNA lead to transfection. How can they escape into cytoplasm and reach the
nucleus? Preliminary results indicate that the complexes enter cells through
endosomes and they are quickly releases into the cytoplasm (Figure 9.9). Regarding

the delivery, multicomplexation of several therapeutic cargos each with a different
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Figure 9.9. Preliminary results showing the uptake by HeLa cells of complexes between pDNA and
protein C4-B¥'% In the first column early endosomes are shown through fluorescent imaging of Rab5,
in the second column is imaged Dextran which is an indicator of macropinocytosis and in the third
column is imaged DNA intercalated with YOYO-1 complexed with the protein. There is larger
correlation of the DNA image with the dextran than with Rab5, which suggest that complexes may be
entering the cells by macropinocytosis. Also it can be appreciated that the complexes already entered
cells after 30 minutes. After Lh pDNA has been released into the cytoplasm and after 2h it is found
inside the nucleus.

chemical nature could be explored. We can also add other amino acid sequences to
our PbP designs to improve their performance, either for targeting or for reaching
the nucleus. In order to work on such improvements however, we first need to

know the limiting steps for the current PbPs.

223



Summary and General Discussion

Interesting and fruitful work can also be done together with computational
scientists. They can provide basic information on building blocks such as
thermodynamic parameters and folding pathways that can be used for screening
sequences before their actual use in PbPs. Unless a fully integrated approach is
taken however, involving closely collaborating multidisciplinary teams, this
approach may not work so well, for example due to divergent scientific interests in
different disciplines, phasing problems in joint projects, and a lack of mutual

understanding due to different conceptual frameworks.

9.4.2. Biomimetic Approach Beyond Artificial Viruses. A fascinating possible
application of our PbPs that I would like to mention last is the possibility to carry
out biomolecular design of other synthetic biosystems. For example, the generation
of clean energy in a sustainable fashion is of great importance in our times. It could
ultimately be possible to mimic complex nanosystems such as the ones involved in
photosynthesis to produce energy using design approaches such as our PbP
approach. So far, only artificial photosynthetic systems based on polymers have
been developed.®*** Using a biomimetic molecular design based on PbPs this might
be feasible, because of the many advantages of PbPs over other approaches with
respect to the design of self-assembling nanostructures that we have already
advanced. There is even a connection to (artificial) viruses, since some labs have

already demonstrated the use of TMV virus to harvest light.”
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Samenvatting

Het grootste deel van dit proefschrift is verdeeld in drie delen. In deel I "Complexering
van DNA in virusachtige deeltjes", beschrijven we de bijzonderheden van de moleculaire
biomimetische strategie om PbPs (Protein Block coPolymer, oftewel eiwitblokpolymeer) te
ontwerpen en produceren. Deze PbPs hebben functionaliteiten die de natuurlijke virussen
nabootsen. Deel IL," Toepassingen van eiwit-DNA complexen" gaat over de ontwikkeling
van diblok PbPs die aan DNA binden, en hun toepassingen in gentherapie en optische
analyse van lange DNA ketens. In deel III: "Supramoleculaire structuren anders dan DNA"
bekijken we de co-assemblage van onze PbPs met andere componenten dan DNA, en ook
hun zelfassemblage in de afwezigheid van DNA.

Deel I "Complexatie van DNA in virusachtige deeltjes"

In hoofdstuk 2 beschrijven we de recombinante productie van een diblok PbP met een
grote hydrofiele sequentie voor colloidale stabiliteit en een korte kationische sequentie voor
elektrostatische complexering. Vanwege de extreme asymmetrie in de lengtes van de twee
blokken, zijn complexen van deze PbPs met (monodispers) DNA langwerpige staafvormige
structuren van dezelfde lengte, die op staafvormige virus lijken. Wanneer DNA is bekleed
met de diblok PbPs, krijgt het een "bottle-brush" corona dat de colloidale stabiliteit geeft en
dus samenklontering voorkomt voor minstens enkele dagen. De lengte van de co-
geassembleerde structuren wordt bepaald door de contourlengte van de DNA keten, zodat
de gecoate DNA zeer geschikt wordt voor gebruik als een sjabloon voor het maken van
verdere nanomaterialen. De diblok PBPs helpen ook om DNA-moleculen uit te rekken
doordat ze de keten stijver maken. Het diblok PBPs kan, tenslotte, als mal fungeren die
uiteindelijk kan worden ontwikkeld tot kunstmatige virussen.

In hoofdstuk 3 gaan we dieper in op het diblokontwerp van hoofdstuk 2 en produceren
we vier nieuwe triblok PbPs met een zijde-achtige zelfassemblerend middenblok (elk PbP
met een andere lengte van het zelf-assemblerende blok). De zelf-assemblerende domeinen
interacteren zijdelingse met een kracht die athangt van de lengte. We vinden dat triblok
PbPs met een lengte van het zelfassemblerende blok groter dan een kritische waarde, zich
gedragen als kunstmatige virale manteleiwitten. Deze triblok PbPs binden codperatief aan
een enkele DNA keten en verpakken deze in staafvormige virusachtige deeltjes (VLPs). In
de VLPs wordt DNA beschermd tegen enzymatische digestie, en VLPs leveren efficiént
DNA aan menselijke kankercellen voor expressie. De kinetiek van inkapseling bleek zeer
vergelijkbaar met die van het Tobacco Mosaic Virus te zijn en kan worden beschreven met
hetzelfde kinetische model. Thermodynamische parameters voor de kinetiek van VLP-
vorming bleken vergelijkbaar met de voor de in vitro vorming van TMV. Kortom, de VLPs
gedragen zich in veel opzichten als kunstmatige virussen. We concluderen dat we met
eenvoudige vuistregels de fysieke functionaliteiten van natuurlijke eiwitten kunnen vertalen
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in het ontwerp van minimalistische eiwtiblokken die de assemblage en een aantal van de
functionele eigenschappen van virussen nabootsen. Zo'n biomimetische supramoleculaire
aanpak is zeer veelbelovend voor het nabootsen van andere natuurlijke functionele
supramoleculaire structuren.

Deel II "Toepassingen van eiwit-DNA-complexen"

In hoofdstuk 4 hebben we aangetoond dat door het bekleden van een enkele DNA-
ketens en deze in nanokanalen te doen, het mogelijk is om fluorescente markers langs de
DNA-keten op te lossen. Dit wordt mogelijk gemaakt door het verstijvende effect van de
diblok PbPs (hoofdstuk 2) dat een “bottlebrush” rond het DNA vormt. Wanneer de
diameter van de nanokanalen lager is dan de effectieve persistentielengte van het beklede
DNA, kan deze niet meer buigen in de nanokanalen en wordt dus uitgerekt. Het in beeld
brengen van enkele DNA-ketens is gedaan met een fluorescentiemicroscoop met een
ultragevoelige camera. In dit hoofdstuk is dus het “proof-of-concept” beschreven voor het
gebruik van diblok PBPs voor het verbeteren van het uitrekken van DNA-ketens in
nanokanalen, om zo DNA-ketens optisch in kaart te brengen.

In hoofdstuk 5 ontwerpen en produceren we een recombinant diblok PbP dat een
DNA-bindingsdomein, genaamd " Sso7d ", bestaande uit 63 aminozuren, bevat. Het DNA-
bindende domein is gekoppeld aan een lange hydrofiel blok (~ 800 aminozuren) die
afscherming en colloidale stabiliteit biedt. In tegenstelling tot het oorspronkelijke DNA-
bindende diblok PbP in hoofdstuk 2 geeft dit blok de specificiteit voor DNA-interactie.
Volledige bedekking van verschillende afzonderlijke DNA-ketens is bereikt: dubbelstrengs
lineair DNA, dubbelstrengs circulair DNA en enkelstrengs DNA. We vinden een aantal
opvallende verschillen in vergelijking met de niet-specifieke DNA-bindende diblok PbPs :
DNA draait door binding van de BSso7d en dit leidt tot leidt tot het ontrollen van
supercoiled DNA, zodat er cirkelvormige complexen ontstaan. De niet-specifieke PbPs
leiden daarentegen tot complexen in de vorm van dikke staven. Bij binding aan
enkelstrengs DNA, kan het niet-specifiecke PbP intramoleculaire baseparing niet volledig
zodat de resulterende complexen verschijnen als compacte en zeer vertakte structuren. In
tegenstelling, het DNA specifieke diblok PbP kan bijna volledig baseparing voorkomen,
zodat complexen met cirkelvormige enkelstrengs DNA inderdaad cirkels worden.
Aangezien de beklede enkelstrengs DNA vrij stijf is, opent dit de mogelijkheid om lange
enkelstrengs DNA-ketens in nanokanalen te rekken, waardoor optische analyse mogelijk
wordt. Tenslotte tonen we aan dat het diblok PbP met BSso7d een effectieve nanocarrier
van DNA in cellen vorm, en niet toxisch noch hemolytisch is. Onze resultaten tonen aan
dat het combineren van natuurlijk gevouwen DNA-bindende domeinen met PbPs
veelbelovend functionele biomaterialen opleveren. In het algemeen kunnen we stellen dat
de resultaten veel nieuwe toepassingsmogelijkheden laten zien die kunnen ontstaan bij het
combineren van de unieke eigenschappen van gevouwen natuurlijke eiwitten met die van
PbPs.
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Deel III "Supramoleculaire structuren voorbij DNA".

In hoofdstuk 6 geven we een gedetailleerde karakterisering van de zelfgeassembleerde
nanostructuren van de triblok PbPs van hoofdstuk 3 in de afwezigheid van DNA. We
karakteriseren de athankelijkheid van de zelfassemblage op tijd en eiwitconcentratie. Bij
lage concentraties blijken de triblok PbPs onregelmatige micellen te vormen, en we vinden
een goed gedefinieerde kritische concentratie. Bij hogere concentraties assembleren de
triblok PbPs in goed gedefinieerde nanostaafjes, met een lengte die athankelijk is van de
concentratie en de lengte van de zijde-achtige middenblok. Vooral de laatste correlatie is
zeer relevant voor het verbeteren van de ontwerpregels voor zelfassemblerende PbPs. Tot
slot laten we zien dat de zelf-geassembleerde nanostaafjes zeer stabiel zijn tegen
verdunning. De zelf-geassembleerde nano-eiwitstaafjes bieden een interessant platform
voor nanomedicijnen.

Hoofdstuk 7 beschrijft de hiérarchische co-assemblage van de kationische triblok PbPs
van hoofdstuk 3 met negatief geladen supramoleculaire polymeren die worden
bijeengehouden door metaalionen. Dit resulteert in zeer regelmatige eiwit-metaal
nanostaafjes. Deze nieuwe zelf-geassembleerde nanostructuren kunnen gemaakt worden
met een grote verscheidenheid van metaalionen en zijn zeer stabiel, zelfs bij hoge
zoutconcentraties, zodat zij toepasbaar zijn in bijvoorbeeld nanomedicijnen of moleculaire
elektronica.

Hoofdstuk 8 beschrijft de karakterisering van de elektrostatische co-assemblage van het
triblok PbP van hoofdstuk 3 met meerdere negatief geladen polyelektrolyten van
verschillend molecuulmassa’s en met verschillende stijtheid. Al deze polyelectrolyten
kunnen worden gebruikt voor de vorming van staafvormige virusachtige deeltjes, zoals
eerder gevonden met DNA (hoofdstuk 3). De polyelektrolyten die werden getest zijn
polyacrylzuur, polysulfonaat en xanthaan. Uit uitgebreide AFM experimenten concluderen
we dat de pakkingsgraad (contourlengte van het staafvormige virusachtige deeltje gedeeld
door de absolute lengte van het polyelectrolyt) afhankelijk is van de intrinsieke
eigenschappen van het polyelektrolyt, met name van de ladingsdichtheid en stijtheid. We
concluderen dat de co-assemblage van polyelektrolyten met triblok PBP een zeer
eenvoudige manier is om een verscheidenheid van lineaire nanostructuren te produceren
die veel potentiéle toepassingen heeft in de synthese van nanogestructureerde materialen.
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