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Chapter 1

1.1 Towards freeze tolerant materials

Many industrial products and processes rely on antifreeze formulations to prevent ice formation
(anti-icing) or facilitate ice removal (de-icing). For example, effective protection against ice
formation and/or fast removal of ice on airplane wings before take-off prevents costly delays;
prevention of attachment of ice to the rotor blades of windmills maximizes the efficiency;
inhibition of hydrate plug formation avoids rupture of natural gas pipelines; and anti-icing of
asphalt roads reduces frost damage. Typically, de-icing and anti-icing strategies involve the
use of antifreeze mixtures of various compounds including salts and glycols such as methanol,
glycerol and propylene glycol. These methodologies rely predominantly on a colligative
depression of the freezing point of water (herein the freezing point depression is directly
proportional to the additive concentration) or a kinetic inhibition of ice nucleation. While these
methods are successful in various areas, they cannot be applied to most soft materials as they
are toxic to biological materials and/or change the physical properties of soft matter since large
antifreeze additive concentrations are needed.

Freezing is often detrimental to soft matter, as it perturbs colloidal stability through a
reduction in free volume. For example, freezing of paints leads to irreversible coagulation of
the components, which makes the paint unusable.! Furthermore, many foods deteriorate when
stored for a long time at low temperatures. For example, the tastiness of ice cream diminishes
after prolonged low temperature storage due to the formation of large ice crystals.? Also,
biological materials such as human cells, tissues and organs have significantly reduced viability
after cold-temperature storage, especially after repeated freeze-thawing.® When the interstitial
fluids of tissues partially freeze, solutes become concentrated and exert an osmotic pressure on
cells, resulting in shrivelled cells and disintegrated blood vessels. Even when complicated
cooling strategies are applied, organ transplants can only be stored for a few hours before
deterioration.* Therefore, avoiding ice formation and freeze damage of (hydrated) soft matter
requires an approach which has negligible effect on osmotic pressure and the mechanical,
structural and functional properties of the material.

1.2 Freeze protection in Nature

Organisms living in cold and ice-laden climates face the risk of freeze damage. Cold-adapted
species use various protective mechanisms during winter time to become either freeze tolerant
or freeze avoidant, such as dehydration of their peripheral body parts, production of high
concentrations of glycols (sugars or glycerol), excretion of waxes on their skin, etc.®
Combinations of these survival strategies enable darkling beetles, U. ceramboides, from
interior Alaska to survive temperatures below -60 °C.® Snow fleas hop around on snow banks
at -7 °C,” and frogs have been found completely frozen and hard as a rock during hibernacula
for over 6 months, but were able to recover without any tissue damage.®

2



General introduction

Many freeze avoidant organisms produce antifreeze proteins (AFPs). Antifreeze glycoproteins
(AFGPs) were first discovered in 1969 at McMurdo station in notothenioid fishes, and over the
past 45 years AFPs have been isolated from different biological kingdoms (Figure 1).9%0
Although the name ‘antifreeze proteins’ suggests that ice formation is prevented, AF(G)Ps
bind to ice crystal surfaces and rather modify ice growth than avoid ice formation altogether.
As a result of direct ice-binding, AFPs were found to shape the growing ice crystal, inhibit
recrystallization of ice, and depress the non-equilibrium freezing point without changing the
melting point. This difference between the freezing and melting point is a non-colligative effect
termed thermal hysteresis.!! In contrast to highly concentrated solutions of colligative
antifreeze agents such as salts and glycols, AFPs depress the freezing point with minimal effect
on the osmolality of the organisms’ body fluids.
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Figure 1: Overview of crystal structures of antifreeze proteins (a-helix, cyan; B-sheet, orange;
coil, grey) and respective organism producing the AFP. (i) type | AFP from winter flounder
(PDB: 1WFA), (ii) hypAFP1 or Maxi from winter flounder (PDB: 4KEZ2), (iii) type Il AFP
from sea raven (PDB: 2PY?2), (iv) type Il AFP from ocean pout (1HG7), (v) TiAFP from grey
snow mold (PDB: 3VN3), (vi) MpAFP from an Antarctic bacterium (PDB: 3P4G), (vii) LpAFP
from winter ryegrass (PDB: 3ULT), (viii) sbowAFP from spruce budworm (PDB: 1M8N), (ix)
TmAFP from mealworm beetle (PDB: 1EZG), (x) RiAFP from ribbed pine borer (PDB: 4DT5),
(xi) sStAFP from snow flea (PDB: 2PNE).



Chapter 1

1.3 Activity of antifreeze proteins

The activity of AFPs is evidenced on a macroscopic level by activity assays that monitor
thermal hysteresis (TH), ice recrystallization inhibition (IR1) and/or dynamic ice shaping. In a
classical TH assay, a small ice crystal suspended in a solution of AFP is slowly cooled, typically
with a rate of 0.02 °C/min. The growth shape of the ice is changed due to the binding of AFPs
onto the ice crystal surface (Figure 2A). These experiments performed using nanoliter
cryoscopy show that the growth of an ice crystal can be completely arrested within the thermal
hysteresis gap. Due to the dynamic ice shaping ability of AFPs, ice crystals with different
morphologies are formed depending on the type of AFP used in the experiment, ranging from
bipyramidal shapes to hexagonal plates and lemon shapes (Figure 2B). Using GFP-tagged
AFPs in a microfluidic device, which allows for buffer exchange around the ice crystal,
irreversible binding of AFPs to specific ice planes was demonstrated (Figure 2C).

In a typical IRl experiment, a sample solution is quickly frozen to -40 °C to form
polycrystalline ice and the recrystallization process of the sample is monitored at a constant
temperature (-6 °C) using an optical microscope.'®*® As a result of recrystallization processes,
large ice crystals start to grow at the expense of small ice crystals. AFPs effectively immobilize
the grain boundaries of ice crystals thereby decelerating the disproportionation process, which
is termed ice recrystallization inhibition activity (Figure 3). The mechanism of ice
recrystallization is quite complex and has been described in detail by Knight et al.*3% In brief,
grain boundaries of polycrystalline ice are interfaces of differently oriented ice microstructures.
As a result of nucleation and migration processes, large ice crystals with more concave
boundaries will form since these structures are energetically more favorable. AFPs that act as
an impurity on the ice surface are proposed to interfere with the migration process of water
molecules and disfavor the addition of new water molecules to grain boundaries. One major
obstacle in the quantification of IRI is the lack off a high throughput method amenable to a
broad concentration range.?%?*
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Figure 2: (A) In nanoliter cryoscopy, the growth of an ice crystal is monitored during slow
cooling. In (i-v), snapshots are shown of dynamic ice shaping of an ice crystal suspended in a
solution of AFGP cooled from Tn (i) down to 0.1 °C below Tm (v). The time lapse between
images (i - v) is 2 min, 3.5 min, 2 min, 40 s and 4 min respectively. The arrow in (v) denotes
the c-axis.*? (B) Ice crystal morphologies obtained using nanoliter cryoscopy in a solution of
(i) AFP1,% (ii) AFP-I11,* (iii) MpAFP,% (iv) TmAFP.!® (C) Ice crystals incubated with GFP-
tagged TmAFP (i) before buffer exchange and (ii) after buffer exchange. Arrows indicate basal
plane.t’

(ii)

111 mg/ml,
(iii) BSA 1 mg/ml, and (iv) ethylene glycol 1 v/v% at a constant temperature of -6 °C. All
samples are prepared in 20 mM Tris buffer, pH 7.5 with 20 w/w% sucrose.
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1.4 Identifying the ice binding plane of antifreeze proteins

A major breakthrough in understanding the ice binding mechanism of AFPs was the
development of ice etching and fluorescence ice plane affinity (FIPA) analysis. With these
techniques, the specific ice binding plane of the AFPs to Ih ice could be determined. Both
methods involve the slow growth of an ice hemisphere with known crystal orientation in a
solution of AFPs. Ice etching involves the sublimation of the outer ice hemisphere surface to
observe the ice bound proteins, from which the ice binding plane is determined (Figure 4C i).
This laborious sublimation step is not necessary in FIPA analysis, and ice binding planes are
readily observed from the fluorescence intensity (Figure 4C ii).

{i) (i} (iii) {iv) v)

C
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Figure 4: Ice etching and FIPA analysis. (A) Representation of ice planes of Ih ice, (i) basal
plane, (ii) primary prism plane, (iii) secondary prism plane, (iv) pyramidal plane aligned with
the a-axes, and (v) pyramidal plane offset to the a-axes. (B) Corresponding ice etching and
FIPA analysis. (C) Ice etching experiment (i) of type 1 AFP (HPLC-6 isoform)?? and
corresponding FIPA analysis using TRITC-labeled wfAFP1. (D) FIPA analysis of (i) pacific
blue-labeled type Il AFP (nfeAFP8 isoform), (ii) TRITC-labeled wfAFP1, and (iii)
visualization of type 111 and type | together.?
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1.5 Ice binding mechanism of antifreeze proteins

Despite the development of techniques to measure TH and IRI activity, and methods to
determine the ice binding planes, the precise mechanism by which AFPs arrest ice growth is
still largely unknown. Proposed adsorption-inhibition mechanisms include the protein acting
as an impurity on the growing ice front and thereby sterically hindering the addition of water
molecules, resulting in remodeling of the ice lattice (Figure 5). The adsorption of AFPs leads
to the formation of a curved outer surface of the ice crystal, thereby increasing the specific
surface area of the ice front. The increased interfacial energy of the system results in the
formation of an energy barrier before further growth of the ice crystal can occur, which causes
a lowering of the freezing point. This mode of action is known as the Gibbs-Thomson effect.?*
2l Efforts have been made to describe the non-equilibrium freezing point depression
qualitatively based on an increase in vapor pressure across a curved surface,?®3° however
quantitative models yet have to be validated experimentally. In particular, the visual evidence
of a single AFP bound on the ice surface is still lacking. Recent developments in super
resolution microscopy may offer opportunities to visually examine the ice surface to obtain a
molecular description of the ice-water interface in the future.

Another experimental challenge is to obtain detailed structural information on ice-
bound AFPs. To date it has been impossible to obtain a crystal structure of ice-bound AFPs,
which means that the exact conformation of ice-bound AFP is unknown. Hypothesized ice
binding mechanisms have significantly changed over the years, driven largely by newly
resolved crystal structures. The first crystal structure of the a-helical type | AFP resulted in the
idea that a flat hydrophobic protein surface with regularly positioned threonine residues is
driving the ice binding of AFPs via hydrogen bonding.?23! The spatially separated hydroxyl
groups of the threonine residues were argued to provide an exact match to the ice lattice. The
hydrogen bonding hypothesis was supported after resolving the crystal structure of the B-helical
AFP from spruce budworm (sbwAFP), which also showed very regularly positioned threonine
residues on the putative flat ice binding face of the protein (Figure 6A).3? Soon after, molecular
dynamics simulations gave rise to a new theory of anchored clathrate waters.3 This model
proposed that tightly bound ice-like waters on the protein surface are responsible for the
proteins ‘freezing onto’ the growing ice surface. This idea was later supported by the
observation of ice-like waters on the protein surface in the crystal structure of MpAFP (Figure
6B).%° Recently, evidence was found for the presence of ice-like water layers at the ice binding
site of type 11l AFP at temperatures above the freezing point by vibrational sum frequency
generation (VSFG) experiments.3
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Figure 5: Proposed adsorption-inhibition models to describe the blocking of ice growth by
AFPs. Adsorption of AFPs results in a frustrated ice growth; the ice front is forced to grow via
the formation of a curved interface between adsorbed proteins. Ice growth in the direction of
the adsorbing planes is prevented by either (A) step-growth inhibition (adsorbed proteins
prevent ice growth advancing in steps across the adsorption plane), or by (B) surface-pinning
(bulging of the ice-surface outward between adsorbed proteins). The large increase in specific
surface area is energetically unfavorable, leading to the formation of an energy barrier which
has to be overcome before further ice growth can occur after sufficient supercooling. This
results in a lowering of the non-equilibrium freezing point as a sharp growth threshold.??

Figure 6: Two hypothesized ice binding mechanisms. (A) The earliest hypothesis was based
on the surface complementary of the ice binding face of AFPs to the ice surface. Regularly
positioned threonine residues enable binding to the ice surface via hydrogen bonding of the
hydroxyl groups. Illustrated is the binding of sbwAFP to the prism (left) and the basal plane
(right).3? (B) A recent hypothesis was based on the formation of ice-like hydration waters on
the protein surface, via which the protein adsorbs onto the ice surface. The crystal structure of
MpAFP shows ice-like waters (cyan spheres) on the protein surface (left). These anchored
clathrate waters fit well to the primary prism plane of an ice lattice illustrated by the red spheres
(right).%®
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1.6 Stopping ice growth with synthetic polymers

Widespread application of AFPs faces two major obstacles. Firstly, open questions regarding
the underlying mechanism that governs TH and IRI activity and the mode of ice binding remain
to be answered. Secondly, the lack of large quantities of AFPs and the high cost of protein-
based materials hamper progress in the development of freeze tolerant soft materials.>® Current
research on the synthesis of AFP mimics has primarily focused on synthesizing mimics of
AFGPs.%%-38 Since this often involves complicated sugar chemistry, it is a fascinating academic
challenge but will not lead to the realization of an inexpensive synthetic mimic of AFPs
amenable to large scale production. Similarly, the naturally occurring polysaccharide
xylomannan could be commercially exploited if it is possible to obtain in large quantities, but
current synthesis strategies are very complicated.3*4° Perhaps the most promising synthetic
material is poly(vinyl alcohol) (PVA).* PVA is known to inhibit the recrystallization of ice,**
and the beneficial use of PVA for the cryopreservation of human blood cells was recently
demonstrated.*? Moreover, the synthesis of PVA is simple and possible on large scale. In fact,
PVA is already employed in various materials on the market, such as coatings, contact lenses,
thickener in latex paints, etc.

1.7 Advances in polymer sciences

Over the past century, the field of organic chemistry has greatly advanced such that organic
chemists are able to synthesize (almost) every molecule possible.** Furthermore, major
breakthroughs in polymer chemistry over the past two decades allow for controlled or living
radical polymerization strategies (e.g., ATRP and RAFT) and synthesis of complex
macromolecular architectures (e.g., block copolymers and brush polymers, Figure 7).%4% In an
ideal living polymerization, all chains are initiated simultaneously and grow with similar rate,
without irreversible chain transfer or termination. However, in standard radical polymerization,
this is not the case. In reversible deactivation radical polymerization, the addition of extra
reagents enables the reversible deactivation of propagating radical species, such that the
majority of the propagating polymer chains are in the dormant form. Each dormant polymer
chain has the same probability to become reactivated and thus all polymer chains have the same
propagation rate, resulting in a narrow molecular weight distribution and predetermined
molecular weight. Atom transfer radical polymerization (ATRP) is an example of reversible
deactivation radical polymerization.** ATRP employs a transition metal complex (usually a
copper complex) to activate dormant polymer chains (Pn-X, with X = halogen, Cl or Br) via a
one electron transfer process. Simultaneously, the transition metal is oxidized to a higher
oxidation state, establishing an equilibrium in this reversible process. Reversible addition-
fragmentation chain transfer (RAFT) is also a reversible deactivation radical polymerization
technique, but employs a chain transfer agent (CTA) in the form of a thiocarbonylthio
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compound.”® The Z and R groups on the dithioester of the CTA are chosen according to
compatibility with the monomer. The Z-group affects the stability of the C=S bond and the
stability of the radical adduct (Pn-S-Ce(Z)-S-R), thereby modifying addition and fragmentation
rates. The R-group must be a good homolytic leaving group and a good initiating species.
Overall, the introduction of both ATRP and RAFT has led to a significant development of
sophisticated macromolecular architectures (e.g., block copolymers, molecular brushes, etc.),
compositions and chain-end functionalities using a wide variety of monomers.*®

The development of dendrimers and hyperbranched macromolecules led to another
class of unique materials (Figure 7). Dendrimers are well-defined macromolecules with a
highly branched three-dimensional structure and are synthesized through a stepwise, repetitive
reaction sequence.*’ The monodispersity, lack of entanglement, large number of reactive end-
groups, and possible interactions with guest molecules are some examples of the unique
material properties of dendrimers. They have found application in drug delivery, catalysis and
material science.*® For example, the development of Astramol poly(propylene imine)
dendrimers has led to a series of industrial applications that make use of the unique structures
and properties of the material.** However, due to the high costs of the consecutive synthesis
steps on large scale, well-defined hyperbranched macromolecules have gained more attention.
For example, Hybrane (DSM, Geleen, Netherlands) has been found to have a profound effect
on the crystallization of inorganic and organic compounds from solution.>® Research at Shell
(Amsterdam, Netherlands) found that some versions of Hybrane were able to suppress the
formation of gas hydrates from water-hydrocarbon mixtures, and may be used to avoid hydrate
plugs in gas pipelines.>!

The introduction of non-covalent interactions in individual polymer chains has led to
the development of (functional) supramolecular materials (Figure 7).%2 The incorporation of
reversible non-covalent bonds results in dynamic and self-healing polymeric materials with
easy processability,>® giving a unique interplay between intrinsic processability and material
properties.® Advances in understanding supramolecular polymerization pathways and
mechanisms further expands the opportunities for the development of a new classes of
materials.>>® Supramolecular polymerization of water-soluble benzene-1,3,5-tricarboxamides
(BTAs) gave rise to ordered and dynamic supramolecular assemblies and soft materials such
as hydrogels which may find use in biomedical applications.>” Furthermore, the combination
of controlled polymerization techniques and the addition of supramolecular motifs in polymer
chains allows for the compaction and folding of single polymer chains in solution and the
formation of secondary structures similar to protein folding.®® The single polymer chain
technology has developed to engineer macromolecules with well-defined compartmentalized
architectures and catalytic centers giving rise to artificial enzymes.>®
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Figure 7: Methods from polymer and material science which could be applied to design
antifreeze plastics. Controlled radical polymerization techniques allow for the synthesis of
complex polymeric architectures (top left). Hyperbranched molecules form a class of densely
packed macromolecules (top right). Combining non-covalent interactions in polymer chemistry
allows for dynamic polymer constructs and the design of new soft materials (bottom).

1.8 Macromolecular structure determination using small angle X-ray scattering

Ice binding requires functional groups that adhere to specific ice planes, which must be
accessible for docking onto ice. Therefore, it is important to determine the solution structure of
(bio)macromolecular antifreezes. Traditionally, X-ray diffraction (XRD) is used to determine
the structure and function of proteins at atomic resolution. For example, the crystal structure of
MpAFP demonstrated the formation of ice-like waters on the protein surface.!® Unfortunately,
it is often difficult - if not impossible - to obtain protein crystals. Moreover, the crystallization
buffer is often a poor proxy of physiological conditions relevant for protein function. Also, the
solid crystalline state rarely allows for observation of conformational transitions in protein
structure induced by different buffer conditions (e.q., salts, pH), temperature or ligand binding.
Furthermore, protein crystallography is not amenable to studies of protein (un)folding,
aggregation, assembly state, flexible domains, etc., since these tend not to crystallize or remain
invisible within crystals due to their mobility/flexibility. Therefore, small angle X-ray
scattering is rapidly gaining ground as a complementary method to XRD, which does offer
structural information in solution and thus under physiological conditions with no limit to
molar mass. SAXS enables the determination of the structure of virtually all proteins with only
modest sample preparation requirements since no protein crystals are needed. However, in

11
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SAXS all phase information is lost due to the isotropic reorientation of the proteins in solution,
which limits its resolution. Where X-ray crystallography can resolve interatomic distances at
1-3 A resolution, SAXS cannot be used to describe proteins at the atomic level. Nevertheless,
SAXS can be used to characterize the shape and conformation of both small proteins and large
protein complexes directly in solution, bridging between the atomic resolution of NMR/XRD
and (light/electron) microscopy techniques in terms of length scale.®%6!

In small angle X-ray scattering, monochromatic X-rays are scattered over small angles
due to a difference in electron density between the protein and solvent (Figure 8). Scattered X-
rays are detected and the scattering intensity is radially averaged to obtain a plot of scattering

intensity versus scattering vector. Here, the scattering vector is defined as |g|= |kT — E;| and
is obtained after calibrating the scattering angle and sample-detector distance using a standard
with known diffraction pattern (e.g., silver behenate). The scattering intensity as a function of
scattering vector I1(q) depends on the electron density difference between sample and solvent
(i.e., atomic composition), concentration, molecular weight and the angle dependent form P(q)
and structure factor S(g). In general, the angular dependence arises from intra- and interparticle
(de)constructive interference effects of the scattered X-rays. Whereas intraparticle interference
effects lead to a shape-characteristic scattering curve (i.e., form factor P(qg), Figure 9),
interparticle interference effects are generally avoided by measuring at low concentrations and
optimal buffer conditions to prevent attractive and repulsive forces between proteins (S(q)).
The difficulty in the data analysis lies within the reconstruction of a 3-dimensional
macromolecular structure from a 1-dimensional scattering curve. Form factor analysis of the
experimental data is used to derive information on the macromolecular shape and dimension
of studied protein or polymer (Figure 9). Further advances in analysis software (ATSAS
software package) enable the reconstruction of low resolution models, fitting of
crystallographic data to scattering curves and rigid body modeling to reconstruct the 3D
architecture of protein complexes.®

12
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Figure 8: Principle of protein structure determination using small angle X-ray scattering. (A)
X-rays are scattered due to an average electron density difference between the protein and
solvent. X-rays scattered over small angles are collected on a detector, and (B) the 2D scattering
profile is radially averaged to obtain a one-dimensional scattering curve. Advances in data
processing techniques allow for the determination of the macromolecular structure of the
protein in solution.
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Figure 9: Simulated SAXS curves of homogeneous objects with different geometry (m sphere,
R =10 nm; e cylinder, R =10 nm and L = 200 nm; A lamellae, D =10 nm and L = 200 nm).
Due to (de)constructive intraparticle interference effects, distinct power law regimes can be
identified in the scattering profile. Arrows indicate the start of Guinier and Porod domain,
respectively.
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1.9 Aim and outline

One major obstacle in the widespread application of both ‘antifreeze proteins’ and ‘antifreeze
plastics’ is the limited understanding of the underlying mechanism how AFPs arrest ice
growth. Central research questions that remain to be answered are: (1) how is thermal hysteresis
(TH) activity related to ice recrystallization inhibition (IRI) activity; (2) what determines the
large difference in TH activity of various AFPs; (3) is the ice binding mechanism of synthetic
ice binders such as poly(vinyl alcohol) (PVA) similar to AFPs; (4) what is the required
macromolecular architecture of synthetic AFP mimics; and (5) how can we determine their
macromolecular structure in solution? The central research question in this thesis is: how can
we benefit from the current understanding of antifreeze proteins and the advances in polymer
sciences to develop antifreeze strategies for soft materials?

The research described in chapter 2 focuses on the working mechanism of AFPs,
aiming to elucidate which factors determine the non-equilibrium freezing point depression
(TH) and ice recrystallization inhibition (IRI). All major classes of AFPs are studied using
nanoliter cryoscopy, sonocrystallization and IRI activity assays. The results show a direct
correlation between the specific ice binding plane, TH activity in sonocrystallization and IRI
activity. We conclude that binding to fast growing non-basal planes is essential to stop rapid
ice growth processes. Targeting these ice planes specifically will be a key design requirement
for polymeric AFP mimics.

In chapter 3, the ice binding of poly(vinyl alcohol) is described. PVA is an inexpensive
material which is known to inhibit the recrystallization of ice. However, questions remain if
the mode of action is similar to AFPs, and how the multivalent adhesion of PVA onto ice is
influenced by both polymer molecular weight and tacticity. In chapter 3, the synthesis of PVA
via reversible addition-fragmentation chain-transfer (RAFT) polymerization is described, to
gain control over molecular weight and tacticity using vinyl ester monomers with varying bulky
substituents. Furthermore, the synthesis of fluorescently labeled PVA via a naphthalimide-
substituted xanthogenate is reported. The naphthalimide end-functionalized PVA is used to
study the ice binding of PVA by fluorescence microscopy.

Chapter 4 describes the synthesis of PVA molecular bottlebrushes by a combination
of atom-transfer radical polymerization (ATRP) and RAFT polymerization. The PVA brushes
are composed of a rigid backbone with densely grafted PVA side chains, which gives rise to
an extended macromolecular topology, as determined using small angle X-ray scattering
(SAXS). The effect of the chain architecture and the densely grafted PVA side chains on the
multivalent ice-PVA interaction is studied by comparing IRl and TH activity of the PVA brush
to the activity of linear PVA polymers.

Chapters 5 and 6 focus on the use of SAXS to study the macromolecular shape of
highly asymmetric proteins in solution. In chapter 5, the size and shape of a highly active type
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1 AFP (hypAFP1) is determined. The experiments demonstrate that the available molecular
model of two fully stretched a-helices of 29 nm in length is incorrect. Instead, based on the
SAXS data and ab initio modeling, a revised structural model of hypAFP1 is proposed
consisting of an extended triple helix with a length of 20 nm. In chapter 6, the effect of calcium
binding on the structural properties of the tetrameric RII protein (tetraRIl) is studied. SAXS
experiments are used to validate the crystal structure of tetraRl1l in the presence of calcium. No
crystals could be obtained of tetraR1I in the absence of calcium. However, SAXS studies reveal
that tetraRI1l is much less rigid in the absence of calcium, providing valuable information on
the functional role of the protein in the ice anchoring of the Antarctic bacterium M.
primoryensis.
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Chapter 2

Blocking rapid ice crystal growth through non-
basal plane adsorption of antifreeze proteins

Abstract

Controlling ice crystal growth is a grand scientific challenge with major ramifications for a
broad range of products and technologies. Some cold-adapted organisms such as fish and
arthropods effectively avoid freezing by producing antifreeze proteins (AFPs) which adsorb
onto endogenous embryonic ice crystals, which inhibits their growth. On a macroscopic level,
this results in ice shaping, inhibition of ice recrystallization (IRI), and non-colligative freezing
point depression which gives rise to thermal hysteresis (TH). In this study, we compare the TH
and IRI activity of all major classes of AFPs, which reveals that binding to non-basal lattice
planes is crucial to arrest fast ice-crystal growth. By contrast, binding to basal planes can be
detrimental as it reduces the concentration of bound AFPs to the far more relevant prism planes.
These novel insights into the working mechanism of AFPs may accelerate the development of
innovative strategies for cryoprotection, cryopreservation, and anti-icing technologies.

This work has been submitted for publication:

Olijve, L.L.C.; Meister, K.; DeVries, A.L.; Duman, J.G.; Guo, S.; Bakker, H.J.; Voets, I.K.
(submitted)



Chapter 2

2.1 Introduction

Ice formation is often detrimental for the structural integrity and performance of materials. The
quality of frozen foods deteriorates when large ice crystals form upon prolonged low-
temperature storage® and the consistency of water-based latex paints is irreversibly destroyed
upon partial freezing.? Hypothermic storage effectively extends the preservation period of
human organs, although freezing and freeze damage pose a considerable risk.®> Furthermore,
icing of air-plane wings and wind turbine rotor blades is costly as well as dangerous; methane
gas hydrate plugs impede oil and gas flows in pipelines; and frost weathering promotes
unraveling of asphalt roads and pavements. Hence, a better understanding of ice crystal growth
modifiers could support innovative strategies for cryoprotection, cryopreservation, de-icing,
and anti-icing technologies.

Well-known classes of macromolecular ice crystal growth modifiers are antifreeze
proteins (AFPs). AFPs enable various organisms, such as Antarctic fish to avoid freezing in
ice-laden habitats at subzero temperatures.* The efficacy of AFPs in freeze-protection is
reflected in the wide distribution of AFPs among different biological kingdoms,>’ and the
benefits of their cryoprotective function have already found application in the hypothermic
preservation of human blood cells® and rat heart transplants,® in the improvement of the texture
of ice cream,'® and in the enhancement of the freeze-tolerance of crop plants.!* Unlike their
name suggests, AFPs do not prevent freezing in a colligative manner at physiological
concentrations. Instead, AFPs recognize embryonic ice crystals in vast excess (55 M) of liquid
water, and by binding onto specific crystal planes prevent further ice growth.*? Based on their
origin and structure, AFPs are categorized into different classes which are illustrated in Figure
1. Ice-etching assays demonstrate that different AFPs also target different — sometimes multiple
— ice crystal planes, including prism, pyramidal and basal faces (Figure 1).*3
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Figure 1: Overview of antifreeze proteins used in this study and their corresponding ice crystal
binding plane (top row). AFPs are structurally very diverse and are found in a wide variety of
organisms (DAFP-1:. beetle Dendroides canadensis, MpAFP: Antarctic bacterium M.
primoryensis, AFGP1.s: various species of cod and notothenioid icefishes, AFP-I11: ocean pout
fish, sSAFP1: shorthorn sculpin fish, wfAFP1: winter flounder fish). Virtually all natural ice on
earth is hexagonal ice (Ih). The AFPs adsorb to different ice planes, such as the slow growing
basal plane and the faster growing prismatic fronts. The distinct growth rates appear to be
correlated with the extent of the hydrogen-bonded water molecular network on the surface of
the ice planes, as illustrated in the cartoon (lower panels). Red spheres represent oxygen atoms,
white spheres represent hydrogen atoms, and dashed lines indicate hydrogen bonding.
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AFPs exhibit two forms of activities. Well-known is the thermal hysteresis (TH) activity of
AFPs, which is the ability of AFPs to lower the temperature at which existing ice crystals start
to grow quickly. This threshold temperature at which ‘burst growth’ occurs is known as the
non-equilibrium freezing point. The difference between the melting point and the non-
equilibrium freezing point of a solution is defined as TH activity, and is commonly determined
by viewing the melting and growth of single ice crystals using a nanoliter cryoscope.* AFGPs
and AFPs of fish usually exhibit a maximal TH of approximately 2 °C and are termed
moderately active AFPs, whereas some insect AFPs can exhibit TH of over 5 °C and are
referred to as hyperactive AFPs (hypAFPs). A unified understanding of the underlying
mechanism that causes the large differences in thermal hysteresis is still lacking, but it appears
that the targeted ice planes play a crucial role.*®

The other activity of AFPs is the inhibition of the recrystallization of ice, which is a
disproportionation process during which large ice crystals grow at the expense of small
crystals. This mode of activity is referred to as ice recrystallization inhibition (IR1) activity and
is defined as the visible deceleration of a change in ice texture during an annealing process just
below the melting temperature of the sample.’®*® Recrystallization of ice involves both the
nucleation of new ice crystals (or grains) and grain boundary migration,® in which large ice
crystals increase in size and small crystals disappear. AFPs inhibit grain boundary migration
by stopping ice from growing and melting at the boundaries.'*?° IRI is already significant at
sub-micromolar AFP concentrations®® and ice crystals are maintained small in supercooled
solutions, which is essential for survival in the cold and the preservation of frozen foods and
other frozen hydrated materials.??

Despite great progress in understanding TH and IRI activity of AFPs, the relation
between these activities is still highly debated.?® Nonetheless, visual examination of crystals
in the presence of AFPs?"2 as well as ice etching® showed that direct ice-binding plays a
crucial role in both types of activity. Further exploitation of ice crystal growth modulation by
macromolecular antifreezes in industrial applications may lead to the development of
inexpensive synthetic and polymeric material that can enhance or outperform its natural
counterpart.?® However, rational design of such a material can only be achieved if the
underlying antifreeze function of AFPs is completely understood. Detailed knowledge on the
specific adsorption to different ice planes and its relation to TH and IRI activity, thereby
identifying how the TH and IRI activities are correlated, is crucial before AFPs will become
widely applicable.

In this work, we investigate the antifreeze activity all major classes of AFPs via a
comprehensive comparison of nanoliter cryoscopy, sonocrystallization and IR activity assays.
Nanoliter cryoscopy is the most commonly used method to measure the TH activity of AFPs.4
In cryoscopy, a nanoliter aqueous sample droplet is directly observed via a microscope. The
sample solution is first flash-frozen and then melted back until a small single ice crystal is
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obtained. Samples are then further cooled at a very slow rate, until the ice starts to grow in a
sudden burst. The TH determined in this manner is defined as the difference between the
melting point and the ice burst-growth temperature (i.e., the non-equilibrium freezing point).
The major advantage of nanoliter cryoscopy is that a single measurement requires only several
nanoliters of AFP solution. However, factors such as cooling and melting rate, annealing time
and initial crystal size affect the determination of the TH activity.’® To overcome these
limitations, Gaede-Koehler et al. developed a highly accurate, time-independent method based
on sonocrystallization to determine TH activity.3! In sonocrystallization, a sample solution is
slowly supercooled until approximately -6 °C, after which ice nucleation is induced by a short
ultrasound pulse resulting in a completely frozen sample solution. Slowly melting the sample
allows for the determination of freezing and melting point within a single experiment. The
sonocrystallization method provides control of the supercooling time and rate, excludes any
observer-based bias, and is independent of initial ice crystal size. However, because the sample
solution is not directly observed under a microscope, no information is obtained on the ice
crystal morphology. We emphasize that these two methods to determine TH activity do so in a
different manner: while cryoscopy involves slow cooling of an ice crystal until a sudden ice
burst-growth is observed, sonocrystallization relies on slow melting of a rapidly frozen sample
to determine the freezing and melting plateaus via direct readout of a thermocouple.

Besides cryoscopy and sonocrystallization, which are both used to assay the TH
activity, the IRI activity of AFPs involves the observation of the ice recrystallization process
of a thin wafer of sample solution by a polarized optical microscope. IRl is determined
qualitatively as the threshold concentration below which no inhibition of the ice
recrystallization process is apparent in consecutive polarized optical microscopy images taken
at regular time intervals. Our results show a direct correlation between the specific planes to
which AFPs adsorb on one hand and the TH activity measured using the sonocrystallization
method and the IRI activity on the other hand. Using the sonocrystallization assay we find that
basal plane binding in addition to prismatic and pyramidal plane binding does not give rise to
higher TH activity. This finding contrasts to the TH activity based on nanoliter cryoscopy, that
is highest for hyperactive (insect) AFPs that bind to both basal and non-basal planes. This
apparent contradiction is due to the longer exposure time of nascent ice crystals to AFPs at a
low ice volume fraction in cryoscopy as compared to sonocrystallization and IRI assays. We
conclude that adsorption of AFPs to fast-growing prismatic and pyramidal ice planes (provided
there is sufficient surface coverage) is decisive for both TH and IR1 activity during a rapid ice
growth process. In this scenario, there is a diminished role for basal plane binding, which
becomes relevant only under conditions of very slow ice growth. These insights provide a
deeper understanding of how AFPs arrest ice crystal growth, which is essential for the
knowledge-based design of polymeric mimics and the development of freeze resistant soft
materials.
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2.2 Results
2.2.1 Freezing point determination using the sonocrystallization method

Figure 2 shows a typical sonocrystallization measurement of an aqueous solution of the
recombinant QAE isoform of AFP-111 (rQAE). After initiation of ice-nucleation by a short
ultra-sound pulse, latent heat is released followed by the development of a stable freezing
plateau. Slow melting of the sample allows the determination of the thermal hysteresis gap
(Figure 2B) with high reproducibility (Figure 3). The TH activity of recombinant rQAE and
AFP-I11 from a natural source (opAFP-III) is proportional to the square-root of the molar
concentration (Figure 2C), which is in accordance with cryoscopy data.®? rQAE is slightly more
active than opAFP-111 due to the presence of inactive isoforms in the purified extract. We
further determined the activity of rQAE mutants, proving that single mutations within the ice-
binding site of the protein can have a marked impact on the TH activity, which underlines the
delicate balance between the structure and activity of AFPs (Figure 4).
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Figure 2: (A) Sonocrystallization measurement of the thermal hysteresis activity of
recombinant type Il AFP (rQAE, 1 mg/ml). The bold numbers indicate (1) application of the
ultrasound pulse, (2) onset of heating and (3) cross-point where the set temperature passes the
non-equilibrium freezing point of the sample. (B) Zoom-in of A, showing the development of
freezing (Tr) and melting (Tm) plateaus. The TH is defined as the difference between the
freezing point plateau of the buffer solution and the non-equilibrium freezing point of the AFP
solution. The slight increase in temperature (~ 0.03 °C) of the buffer at point 2 is due to infrared
irradiation from the heating unit after the onset of heating. (C) TH measurements of 0.025 —
1.0 mM solutions of type 111 AFP in cryoscopy (=)? and sonocrystallization (A, ). rQAE is
the recombinant expressed QAE-isoform (HPLC-12) and opAFP-IIl is from natural source
(A/F Protein Inc.), which is a mixture of different isoforms. All samples were measured in 20
mM Tris, pH 7.5. The slope of the linear relation between TH (°C) and C (mM*2) gives the
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ratio % and is used as a measure to directly compare AFP activity of sonocrystallization with

nanoliter cryoscopy.
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Figure 3: Triplo measurement of rQAE at a concentration of 1 mg/ml in 20 mM Tris, pH 7.5.
The temperature read-out accuracy of the experimental set-up is within 0.01 °C. Measurements
on the AFP samples have high reproducibility with a deviation in determining the non-
equilibrium freezing temperature below < 0.02 °C.
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Figure 4: (A) Identified ice-binding face of type 1l1 AFP (QAE isoform), showing the central
position of the Thrl8 residue at the ice-binding face which recognizes the primary prism
plane.®® (B) Neutron crystal structure (PDB: 3QF6) shows the specific interaction of Thr18
with a tetrahedral water cluster.3* (C) Sonocrystallization measurements of wild type rQAE
and mutant rQAE with a single mutation on the Thr18 position. The T18D mutant shows a
significant reduction in activity, while T18N has no freezing hysteresis activity at all. This
shows that the adsorption of rQAE to the pyramidal or primary prism planes can be disrupted
by a single mutation.
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2.2.2 Activity ranking based on cryoscopy and sonocrystallization experiments

Table 1 shows the thermal hysteresis activities of six different AFPs obtained by nanoliter
cryoscopy and sonocrystallization. The six AFPs vary significantly in terms of structure,
putative ice-binding plane and TH activity. In cryoscopy, hyperactive MpAFP and DAFP-1
show the highest maximum activities (TH = 5-6 °C) in accordance with their classification.
Moderately active AFPs show comparable maximal activities with for instance TH = 0.6 °C
for wfAFP1 and rQAE at 5 and 3 mg/ml, respectively. These values are consistent with
previously reported values for these proteins.®2® However, in sonocrystallization, moderately
active AFPs show TH < 0.5 °C, while hyperactive AFPs exhibit TH < 0.2 °C (Figure 5).

To directly compare the values for the thermal hysteresis activity from the two methods,

we have determined the ratio % corresponding to the slope of the linear relation between TH

and the square root of the protein concentration as shown in Figure 2C and Figure 6. Ordering
AFPs based on cryoscopy from the most to the least active gives: MpAFP (20.8) > DAFP-1
(19.8) > rQAE (0.90) > AFGP1.5 (0.78) > ssAFP1 (0.57) > wfAFP1 (0.48). The ranking based
on sonocrystallization is entirely different: rQAE (0.91) > MpAFP (0.85) > AFGP15 (0.48) >
DAFP-1 (0.32) > ssAFP1 (0.13) > wfAFP1 (0.07). Remarkably, the moderately active rQAE

is in fact the most active AFP in the sonocrystallization assay with &v%"" equal to TH“%

Moreover, the hyperactive MpAFP is 25 times less active in sonocrystallization and shows only
a small thermal hysteresis gap in sonocrystallization (Figure 5C). Also DAFP-1 (0.32) displays
a dramatic 62-fold decrease in activity. The small a-helical proteins ssAFP1 (0.13) and wfAFP1
(0.07) show only minimal activity in a sonocrystallization assay (Figure 5E-F).

Out of all investigated AFPs, only AFP-I11 and AFGP1.5 show a comparable TH activity
in cryoscopy and sonocrystallization. Interestingly, ice etching revealed that both these proteins
bind predominantly to the six equivalent {1010} primary prism planes (Figure 1, Table 1). Ice
etching studies on type | AFPs demonstrated binding of wfAFP1 to the 12 equivalent {2021}
pyramidal planes and ssAFP1 to the six equivalent {1120} secondary prism planes. Most
striking is the poor performance of hyperactive AFPs in sonocrystallization, even though these
proteins have been reported to bind both prism and basal planes. This dual recognition is
thought to be the basis for their hyperactive nature.!>%
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Table 1: Thermal hysteresis (TH) and ice recrystallization inhibition (IRI) activity of AFPs
from nanoliter cryoscopy, sonocrystallization, and polarized optical microscopy

measurements. The ratio % is used as a quantitative measure of TH activity. It corresponds to

the slope of the curve that describes the TH as a function of the square-root of the protein
concentration as illustrated in Figure 2C. Ciry is the lowest AFP concentration where IRI
activity is observed (Figure 7). The tabulated cryoscopy values are from this work for rQAE,
AFGP1.5, DAFP-1 and from literature for wfAFP1,3" MpAFP,* and ssAFP1.%°

T""% (°C mM-2) T"‘% (°C mM12) Ice crystal binding plane Ciri <10 pM
rQAE 020 osL (2021) pyramisl planes® Yes
AFGP1s 0.78 0.48 {1010} Primary prism planes*-#2 Yes
MpAFP 20.8 0.85 Prism and basal planes* Yes
DAFP-1 19.8 0.32 Prism and basal planes* No
ssAFP1 0.57 0.13 {1120} Secondary prism planes*® No
wfAFP1 0.48 0.07 {2021} Pyramidal planes® Yes
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Figure 5: Sonocrystallization data of all AFPs. The freezing hysteresis gap is indicated by
arrows. All proteins were measured in 20 mM Tris buffer, pH 7.5, except MpAFP which was
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Figure 6: Concentration dependent TH activity from sonocrystallization and nanoliter
cryoscopy. Dashed line illustrate a linear fit of the data points, of which the slope gives the

ratio % and is used as a measure to directly compare AFP activity of sonocrystallization with

N

cryoscopy. An average molecular weight (Mw = 15 kDa) was assumed to compute the molar
concentration of AFGPy.s.
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2.2.3 Sonocrystallization TH activity correlates to IRI activity

All investigated AFPs with confirmed TH activity show IRI activity at low (uM)

concentrations, even the AFPs that show only minimal &\/%”” activity (Table 1, Figure 7). IRI

activity is observed below an AFP concentration of 10 uM for rQAE, AFGP1.s, MpAFP and
WFAFP1, whereas DAFP-1 and ssAFP1 are slightly less active, which is in good agreement
with other studies.'®2*24 Especially striking is the fact that the hyperactive DAFP-1 with 20 to

40-fold higher TH"% activities than the moderate active antifreeze proteins rQAE and wfAFP1,

shows lower IRI activity. This contradictory observation has also been noted by other

groups.?2* The present direct comparison of the TH and IRI activity of all major classes of

AFPs shows that &\/%"" and IRI based activity rankings are highly similar, while cryoscopy

yields an entirely different order. This clearly underlines the importance of sonocrystallization
as a complementary thermal hysteresis assay for macromolecular antifreezes in addition to
cryoscopy.

Buffer

opAFP-llI
(1 mg/mL)

BSA
(1 mg/mL)

—
Time (min) 100 pm

AFGP1-5 ssAFP1 WFAFP1

1 mg/ml

0.1 mg/ml

0.01 mg/ml

Figure 7: (A) Ice-recrystallization inhibition (IRI) measurements of buffer solution, type I1I
AFP from natural source (opAFP-111), and bovine serum albumin (BSA) as control. Positive
IRI activity is defined as no visible change in ice texture during the 1 h annealing period at -6
°C. (B) IRl measurements of all major classes of AFPs after 1 h annealing at -6 °C. The lowest
molar concentration where IRI activity is observed (in uM): rQAE (1.4), AFGP1s (6.4),
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MpAFP (3), DAFP-1 (40), ssAFP1 (27), wfAFP1 (3). All samples were measured in 20 w/w%
sucrose.

2.3 Discussion

In this study, we report on nanoliter cryoscopy, sonocrystallization and ice-recrystallization
inhibition experiments on aII major classes of AFPs to investigate the factors that govern both

TH and IRI activity. Usmg as a quantitative measure for TH activity, we have ranked AFPs

by sonocrystallization to rQAE > MpAFP > AFGP1.5 > DAFP-1 > ssAFP1 > wfAFP1. This is
well aligned with IRI activity, but differs significantly from the ranking based on cryoscopy.

Notably, the &g“’ based ranking seems related to more than IRI activity alone - it appears to

correlate with the ice-crystal binding plane of the antifreeze proteins. All AFPs that bind
predominantly to prismatic planes (rQAE, AFGP15, MpAFP and DAFP-1) give a significant
non-colligative freezing point depression in sonocrystallization; these are ranked 1 to 4 out of
6. AFPs that solely target the secondary prism (ssAFP1) or pyramidal planes (WfAFP1) show
on molar basis very little activity. Furthermore, only AFPs that predominantly bind to primary
prism planes (rQAE, AFGPis) exhibit highly similar activity in cryoscopy and
sonocrystallization. Surprisingly, “hyperactive” AFPs perform poorly in sonocrystallization

with a 25-fold (MpAFP) and 62-fold (DAFP-1) lower jﬂ”", which is even lower than the
activity of the “moderate” rQAE. Adsorption of hyperactive AFPs onto both prism and basal
planes has been suggested to enhance their ability to depress the non-equilibrium freezing
point, making them more potent than their moderately active counterparts which target a single,

non-basal ice crystal plane.® Our findings clearly demonstrate that primary prism plane

binding is a far more important determinant of 1 jﬂ”" than basal-plane binding. This raises the

question: why are ‘hyperactive’ AFPs potent in cryoscopy Yyet inefficient in
sonocrystallization? We propose that the binding of the hyperactive AFPs to basal planes
reduces their accumulation onto the prism planes. As a result, the concentration of hyperactive
proteins onto prism planes is too limited to block rapid ice growth along this fast ice-growth
direction.

The initiation of ice crystallization in a sonocrystallization assay results from many
nucleation sites and ice growth is very fast. The most favorable and fastest growing ice lattice
direction is along the a-axis direction {1120}.1% Therefore, binding to prism planes is crucial,
as only adsorption onto this plane blocks the predominant growth mode. Ice grows fastest along
the a-axis direction, because here, chains or networks of water molecules can cooperatively
hydrogen bond to the ice-lattice, having one hydrogen bond per water molecule to attach to the
ice surface. The frontal views of the specific ice crystal planes depicted in Figure 1 illustrate
how the extensive hydrogen-bonding network of the water molecules in the ice-lattice favors
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the attachment of new water molecules. Ice grows fast, but less fast, along the {1010} direction
since only pairs of water molecules can attach here, having one hydrogen bond per two water
molecules interact with the ice surface. Ice growth along the c-axis requires two dimensional
nucleation on the molecularly smooth basal plane, which makes ice growth there slow.
HypAFP adsorption onto the slowly growing basal planes is thus irrelevant at moderate
supercooling when rapid ice growth proceeds mainly by addition of water molecules at the
prism planes. Ice-etching shows that hypAFPs also adsorb here, but little is known about the
surface coverage.*® We speculate that this adsorption leads to insufficiently high surface
coverage to elicit significant activity. This may also explain why ssAFP1 has only minor
thermal hysteresis in sonocrystallization despite binding to the fast growing secondary prism
planes.

A complete arrest of ice growth requires a sufficiently high surface coverage which is
attainable if the rate of AFP adsorption (which is directly related to the AFP concentration in
solution) is fast compared to the growth rate of the ice crystal plane.*” If the AFP concentration
and/or the AFP adsorption rate are too low, ice-bound proteins will get engulfed. Relatively
slow AFP adsorption at the basal planes becomes relevant only during prolonged annealing at
modest supercooling and thus modest ice growth rates. The large values of thermal hysteresis
in nanoliter cryoscopy assays arise due to long exposure times at slow cooling rates and modest
supercooling, which accommodates slow hypAFP adsorption onto basal planes. By contrast,
ice growth is very rapid during a sonocrystallization assay at several degrees of supercooling,
which warrants fast and significant AFP accumulation at the primary prism planes to arrest ice
growth. Ice etching assays demonstrate that both rQAE and hypAFP adsorb onto prism planes,
and a recent fluorescence study by Drori et al. reports similar adsorption rates for rQAE and
MpAFP at the prism plane.*® Apparently, rQAE accumulates at sufficiently high coverage on
the prism plane to block rapid growth, whereas the amount of bound MpAFP does not exceed
the required threshold to prevent engulfment.

The discrepancy between IRl and TH activity determined by cryoscopy still remains to
be explained.?® Particularly striking is the high TH yet low IRI activity of hyperactive proteins.
The insights based on our sonocrystallization assays offer a way to reconcile this difference.
As in sonocrystallization assays, ice growth in IRI experiments is initially very fast since
growth is typically nucleated at -40 °C. AFPs thus have to bind rapidly onto the fast-growing
ice planes and produce sufficiently high surface coverage. Only then AFPs can inhibit
recrystallization into larger ice crystals by interfering with migration processes of water
molecules at the grain boundaries, which is the proposed mechanism of IRI by AFPs,Error! Reference
source not found. 19.20 Sl ovy basal plane binding of hypAFPs will result in (partial) engulfment which
diminishes its inhibitory impact on the migration processes. Hence, rapid and strong prism
plane binders inhibit ice-recrystallization most efficiently.

32



Blocking rapid ice crystal growth through non-basal plane adsorption of antifreeze proteins

2.4 Conclusion

In conclusion, a comprehensive comparison of all major classes of AFPs shows that binding to
fast-growing ice planes is a prerequisite for effective inhibition of ice-recrystallization and non-
colligative freezing point depression at cooling rates favoring rapid ice growth. The so-called
“hyperactive” AFPs that slowly accumulate on additional basal planes in fact perform less well
than their “moderately” active counterparts, such as rQAE. The rapid adsorption of rQAE onto
prism planes generates sufficiently high coverage to block ice growth in the fastest growth
direction, which “hyperactive” AFPs fail to accomplish. These findings reveal that rational
design strategies for synthetic ice-binders should not focus on compatibility with all ice crystal
planes, but instead take into account that binding to fast-growing planes is essential.
Furthermore, we propose to abandon the categorization of AFPs into moderate and hyperactive
variants, as this is based on an activity ranking that is method- and protocol dependent. These
new insights provide a deeper understanding of the underlying mechanism that governs IRI
and TH activity, which supports the development of synthetic macromolecular antifreezes for
cryoprotection, cryopreservation, de-icing, and anti-icing technologies.
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2.5 Material and methods
Chemicals

(L)-Fmoc-protected amino acids and O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-
hexafluoro-phosphate (HBTU) were purchased from Nova Biochem. Tentagel R RAM resin
(loading 0.2 mmol/g) was purchased from Rapp Polymere. All other chemicals were reagent
grade and used without further purification. All solvents used for RP-HPLC were HPLC grade.

Instrumentation

Mass spectroscopy was performed to determine the purity and exact mass of wfAFP1 and
rQAE using a Waters Xevo G2 Quadrupole Time of Flight (Q-ToF) Liquid Chromatography —
Mass Spectrometry (LC-MS) with an Agilent Polaris C18A RP column, equipped with a
ThermoScientific LCQ Fleet spectrometer with a Grace Smart RP-HPLC. Samples were
measured at an approximate concentration of 0.1 mg/mL and deconvolution of the mass spectra
was done using the MaxENT algorithm.

Solid phase peptide synthesis of wWfAFP1

The HPLC-6 isoform of winter flounder type 1 AFP (WfAFP1) was synthesized by automated
solid phase peptide synthesis on an Intavis Multipep RSi peptide synthesizer using 9-
fluorenylmethyl carbamate (Fmoc) protection chemistry. Synthesis was performed on a
Tentagel R RAM resin to provide a C-terminal amidation, following the amino acid sequence
as given Dby the crystal structure (PDB: 1WFA)*  respectively: H-
DTASDAAAAAALTAANAKAAAELTAANAAAAAAATAR-CONHz2.  Synthesis  was
performed on 200 umol scale using double couplings of 1 h (8 eq. Fmoc-aa, 7.2 eq. HBTU, 16
ed. N,N-diisopropylethylamine (DIPEA)) with N-methylpyrrolidone (NMP) as solvent. The
peptide was cleaved from the resin using trifluoroacetic acid (TFA)/ethanedithiol
(EDT)/H20/triisopropylsilane (TIS) (92.5:2.5:2.5:2.5 v/v%) for 3 h, and precipitated into 30
mL cold diethylether:heptane (70:30 v/v%). The precipitate was centrifuged for 10 min at 2000
rpm and the pellet was washed with 30 mL of diethylether:heptane (70:30 v/v). Finally, the
pellet was dried under vacuum, dissolved into acetonitrile (ACN)/H20 and lyophilized. The
peptide was purified by preparative reversed-phase (RP)-HPLC (Shimadzu HPLC) on a C18
column (Jupiter 5 pm C18 300 A, LC Column, Phenomenex) using a gradient of 32-42 % ACN
in H20 with 0.1 v/iv% TFA in 9 minutes, with a total flow rate of 20 mL/min and injection
concentration of 3-5 mg/mL. Purity and exact mass were determined using Q-ToF mass
spectroscopy.

Recombinant expression and purification of rQAE

The gene coding for type 111 AFP from ocean pout (rQAE isoform, M1.1HISPET20b)* was
kindly provided by prof. Peter Davies (Queen’s University, Kingston, Canada). The cDNA was

34



Blocking rapid ice crystal growth through non-basal plane adsorption of antifreeze proteins

inserted in between the Ndel/Xho1 restriction sites of the pET20b expression vector (Novagen)
in frame with the His-tag sequence. The plasmid was transformed into competent Escherichia
coli NiCo21(DE3) cells (New England Biolabs). Positive clones were selected and inoculated
overnight at 37 °C and shaking at 250 rpm in a 25 mL pre-culture of LB-medium with 100
pg/mL ampicillin and 0.5 % glucose. The pre-culture was transferred to a 5 L culture flask and
cells were grown in 1 L of ZYP-5052 auto-induction medium containing 100 pg/mL ampicillin
at 37 °C under continuous shaking at 130 rpm.>! The temperature of the culture was reduced to
18 °C when ODegoonm reached 2-2.5, and overexpression of the protein was allowed overnight
under shaking. Successful overexpression of the target protein was checked by SDS-PAGE.
Cells were pelleted by centrifugation and lysed using BugBuster (Novagen) via 40 min shaking
at room temperature. The cell lysate was spun down and the supernatant applied to a Ni-NTA
agarose (Novagen) column equilibrated with bind buffer (20 mM Tris pH 8, 150 mM NacCl, 5
mM imidazole). The column was washed with four to five column volumes of wash buffer (20
mM Tris pH 8, 150 mM NaCl, 30 mM imidazole), and the protein was eluted with 400 mM
imidazole. The fractions containing rQAE were collected and dialyzed overnight against 20
mM Tris pH 7.5 using 1 kDa MWCO dialysis membranes (Spectra/Por 6) and concentrated
using 3 kDa Microsep Advance centrifugal devices (Pall). Purity was estimated by SDS-PAGE
gel electrophoresis and the exact mass determined using Q-ToF mass spectroscopy. Protein
concentration was determined by UV absorbance using the molar extinction coefficient g2g0 =
1568 M-tcm as reported in literature.>® Typical yields per liter of culture medium were ~ 80
mg.

Other protein samples

Recombinant expression and purification of DAFP-1° and MpAFP* was performed as
described previously ssAFP1 was purified from shorthorn sculpin blood using gel filtration
chromatography, AFGP1.5s were obtained by ion exchange purification from Antarctic toothfish
blood. opAFP-111 was purchased from A/F Protein Inc. and used without further purification.

Thermal hysteresis

The Clifton nanoliter cryoscopy were performed as described elsewhere.®” The
sonocrystallization set-up was built according to the original design by Grunwald et al.3! The
temperature-controlled sample chamber consist of a heating unit positioned inside an aluminum
cooling block (CB), which is cooled using an external cooling bath (Julabo CF40) with 50/50
vIv% ethanol/water as coolant to -16 °C. The heating unit (HU) consists of a copper coil
wrapped around a copper tube. Temperature is controlled by applying energy to the heating
wire via an adjustable power supply unit. The sample (0.8-1 mL) is loaded ina 2 mL Eppendorf
and inserted into the copper tube. A PTFE-coated stirring bar was inserted to ensure a
homogenous temperature through the whole sample. Two Pt-100 resistance thermometers
(JUMO, PG 1.0910.1) are used in the set-up, one inserted into the heating unit (T1) used to
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control the temperature of the chamber, and the other inserted into the sample tube (T2) to
monitor the heating profile of the sample. To ice crystallization is initiated by the application
of a short ultrasound pulse (100 ms, 30 % amplitude) via the sonotrode (SONICS; VCX 130PB)
inserted 0.5 cm deep into the sample. The temperature sensor (T2) inserted in to the sample
was calibrated using an osmolality linearity set (Advanced Instruments) with five solution
concentrations (0, 100, 250, 500 and 750 mOsm kg™) such that the difference between the
calculated and measured freezing point of the solutions was within 0.02 °C. The temperature
sensor of the heating unit (T1) was adjusted accordingly. Thermal hysteresis is determined
from the T2 values at the two plateaus that develop upon setting T1 to -6 °C and 0.4 °C in a
temperature ramp consisting of six steps. The starting temperature of each ramp is 10 °C (step
1), after which T1 is reduced to -6 °C at a rate of 1.5 °C/min (step 2). A short ultrasound pulse
is hereafter applied and the temperature is held at 6 °C for 300 s (step 3), after which T1 is
raised to 0.4 °C at a rate of 1.5 °C/min and kept constant at 0.4 °C for 650 s (step 5). Finally,
T1 is further increased to the initial temperature of 10 °C (step 6). Throughout the temperature
ramp, data are recorded using a home-written LabView program. All sonocrystallization
samples were measured in 20 mM Tris, pH 7.5 buffer, except MpAFP which was measured in
20 mM Tris and 2 mM CaCly, pH 7.5 buffer. Protein concentrations were chosen in the 0.5 —
5 mg/mL range.

Ice-recrystallization inhibition

Polarized optical microscopy was used to evaluate whether the samples inhibit ice-
recrystallization. Experiments were carried out on a Jeneval polarization microscope equipped
with a Linkam THMS 600 heating device operating in transmission (bright field) mode.
Samples were prepared in ultra pure water and measured in pre-filtered 20 w/w% sucrose,
following the protocol described by Budke et al.}” Sample droplets (2 uL) were placed between
two 12 mm coverslips (12 mm, Menzel Glaser) with a SecureSeal imaging spacer (9 mm ID,
0.12 mm depth, 18 mm x 18 mm OD, Grace Biolabs). Samples were placed on a temperature-
controlled silver block inside the Linkam stage under a nitrogen stream to avoid water
condensation from ambient air during the experiment. During the experiment, a sample is
rapidly cooled to -40 °C at a rate of 20 °C/min to produce polycrystalline ice and held for 5
min at -40 °C. The frozen sample is then heated at the same rate to the annealing temperature
of -6 °C where it is held for 60 min. Images were recorded at regular time intervals (0, 5, 30
and 60 min) at a magnification of 16x using a CMOS digital video camera (DFK 72AUCO02,
Imaging Source) at a resolution of 2592 x 1944,
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Chapter 3

Ice binding of poly(vinyl alcohol)

Abstract

Antifreeze proteins (AFPs) are a class of biomacromolecules able to control and modify ice
crystal growth, but they are relatively expensive to produce and available in small quantities
only. The development of inexpensive ice binding materials which can be produced at large
scale would allow for controlling ice growth in a broad range of products and technologies.
Poly(vinyl alcohol) (PVA) is one of the few hydrophilic polymers which shows ice
recrystallization inhibition (IRI) activity comparable to AFPs. At present, it is not known
whether PVA and AFPs bind ice through a similar mechanism. Therefore, a series of PVA
polymers was prepared by reversible addition-fragmentation chain-transfer (RAFT)
polymerization to gain control over both polymer molecular weight and tacticity by using vinyl
ester monomers with varying bulky substituents. The polymer tacticity influences the
crystallinity of PVA, which can be an important factor for its ice binding properties.
Furthermore, a fluorescent label was incorporated via a single terminal naphthalimide group to
study ice binding using fluorescent microscopy.



Chapter 3

3.1 Introduction

The development of inexpensive, degradable and biocompatible polymeric ice binding
materials will widely broaden the application perspective of non-colligative antifreezes. The
major advantage of non-colligative freeze protection is the negligible impact on the physical,
structural and functional properties of the surrounding materials, since much lower
concentrations are required than for colligative antifreeze agents. This may hold great potential
for the cryopreservation of human cells and organs transplants, stabilization of microemulsions
and dispersions, etc.1? Controlling ice growth with synthetic AFP mimics has recently gained
a lot of attention.® Primary focus has been the synthesis of structural analogues of antifreeze
glycoproteins (AFGP).*® Since this often involves complicated sugar and peptide chemistry,
the realization of an inexpensive synthetic mimic of AFPs amenable to large scale production
seems unfeasible via this route. On the other hand, poly(vinyl alcohol) (PVA) is an inexpensive
polymer and is known to inhibit ice-recrystallization (IRI).%” Congdon et al. demonstrated that
PVA requires a minimal degree of polymerization DP > 20 and degree of hydrolysis > 80% to
elicit IR1 activity (Figure 1).2 PVA has been used in the cryopreservation of human blood cells,®
and in the application of ice slurries for refrigeration.!? Inada et al. proposed that PVA binds
to the pyramidal planes based on direct observation of the growth habit of a single ice crystal
suspended in a PVA solution.!! On the other hand, Budke et al. proposed binding to prism
planes since the conformation of an atactic PVA segment adsorbed on primary and secondary
prism planes matches well with the ice lattice via multiple hydrogen bonding (Figure 2).% The
spacing between neighboring C-O bonds in PVA is Spva = 2.52 A, while the spacing between
every O-atom in the unit cell of ice is Sice = 7.36 A, which is approximately 3 x Spya = 7.56 A.
Since the number and accessibility of the OH groups for hydrogen bonding to the ice are
influenced by molecular weight and polymer tacticity, it is of interest to study the impact of
these two characteristics on ice binding.

Polymer tacticity describes the stereochemistry of adjacent chiral centers of the
monomer subunits in a polymer, and significantly affects the physical properties of the
polymer. Two adjacent units in a polymer constitute a diad, which are termed meso (m) if the
substituents of the units are identically oriented, and racemic (r) if the chirality is oriented in
opposite. However, simultaneous control over molecular weight and polymer tacticity of PVA
is a synthetic challenge. Usually PVA is prepared via the hydrolysis of a poly(vinyl acetate)
precursor, resulting in atactic PVA (r ~ 52-54 %). The stereospecific polymerization of vinyl
esters is affected by using fluorinated (co)-solvents, monomers with bulky or fluorinated
substituents, or the used catalyst in (non-living) polymerization strategies.'>* Up to now the
highest isotacticity reported (m ~ 78 %) was obtained using non-living cationic polymerization
of tert-butyl vinyl ether (tBVE) using BF3*OEt: as initiator in toluene at -78 °C (M = 74.200,
Mw/Mn = 2.02).2 The highest reported syndiotacticity of PVA is r ~ 69 %, which was obtained
using non-living radical polymerization of the fluorinated vinyl ester monomer vinyl 2,2-
bis(trifluoromethyl)propionate in tetrahydrofuran (THF) at 0 °C with benzoyl peroxide (BPO)
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as initiator (Mn = 950, Mw/M, = 1.46),%2 but also by the polymerization of vinyl acetate (VAC)
with hexafluorisopropanol (HFIP) as co-solvent with tri-n-butylborane (nBusB) as initiator at
-78 °C (Mn = 83.000, Mw/M, = 1.5).%°

In this study, the synthesis of PVA is described via reversible addition-fragmentation
chain-transfer (RAFT) polymerization of vinyl ester monomers with different (bulky)
substituents aiming to alter the tacticity of the polymer. RAFT is used as a controlled radical
polymerization strategy to have predetermined molecular weight and low dispersity, since
atom-transfer radical polymerization (ATRP) of vinyl monomers is challenging due to the very
low ATRP equilibrium constant, Keq = Kact/Kdeact (i.€., low dissociation of the dormant species).
Moreover, RAFT polymerization allows for facile introduction of chain-end functionalities by
modification of the chain-transfer agent (CTA) to provide a terminal fluorescent group on the
PVA polymer, which can be used to study the ice binding of PVA.
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Figure 1: Ice recrystallization inhibition activity of PVA measured using the splat assay in
PBS buffer. (A) PBS buffer (top) and with PVAss1, 1 mg/ml (bottom). (B) IRI activity of PVA
with varying degrees of polymerization, demonstrating the minimal requirements for IRI
activity of PVA (DP > 20). MLGS is the mean largest grain size relative to PBS buffer.®
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Figure 2: Ice growth habit experiment of PVA. (A) Habit of single ice crystal growing at -0.3
°C in pure water (a-c) and in the presence of PVA27 (d-f, 10 mg/ml). (B) Suggested adsorption
planes of PVA. (C) Visualization of an adsorbed atactic PV A segment onto primary prism face

(left) and secondary prism face (right) of hexagonal ice.®
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3.2 Results
3.2.1 Kinetics of RAFT polymerization of vinyl ester monomers

Four vinyl ester monomers with different substituents were used in this study; vinyl acetate
(VAC), vinyl pivalate (\VPi), vinyl chloroacetate (VCIAc), and vinyl benzoate (VBz). RAFT
polymerization of the vinyl ester monomers was performed using cyanomethyl
methyl(phenyl)carbamodithioate (CTA-1), suitable for electron-rich monomers such as vinyl
esters and vinyl amides, with AIBN as initiator in 10 v/v% dioxane at 60 °C (Scheme 1). First,
the kinetics of the polymerization reactions of the vinyl ester monomers was studied by
following the monomer conversion by *H NMR (Figure 3A). A significant retardation (~ 6-7h)
is observed for all vinyl monomers. VPi and VAc showed a fast monomer conversion rate,
reaching ~ 65 % conversion after 9 and 14 h, respectively. The polymerization rate of the
electron deficient VCIAc was slower, reaching a conversion of ~ 65 % after 36 h. Polymer
dispersities are between Mw/Mn = 1.3 and 1.5 (Table 1), which is typical for controlled radical
polymerization of vinyl esters. The significantly lower polymerization rate of VBz has been
reported before, and is attributed to the formation of stable aryl adduct radicals, leading to
degradative chain transfer and termination reactions.’”? This is in line with the higher
dispersity (Mw/Mn = 1.67) of the resulting PVBz polymer (Figure 4D).

N__S._CN
Y

I
\> CTA1 NC S N 1 M NaOH .
(@] n \H/ \© * n
=0 - > 00 S — > OH
R AIBN, dioxane 60 °C R

R=1,Me 3, ~_Cl

2,tBu 4, ‘\@

Scheme 1: RAFT polymerization of vinyl esters monomers using commercially available
CTA-L.

Table 1: Overview of RAFT polymerization of vinyl ester monomers with varying substituents
(1-4). Polymerization condition: [M]o: CTA : AIBN =250:1:0.2, 60 °C, 10 v/v% dioxane.

NMR GPC
Monomer t (h) Conv. (%) Mhn (kDa) DP Mhn (kDa) Mw/Mn
1 VAc 14 71 15.500 178 16.700 1.37
2 V/Pi 9 72 23.300 180 21.900 1.45
3 VCIAc 43 74 22.200 185 24.300 1.46
4 VBz 120 59 22.100 148 12.200 1.67
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Figure 3: (A) Monomer conversion as determined by *H NMR (CDCls), and (B)
semilogarithmic kinetic plot of the monomer conversion. The two dotted lines correspond to

40 % and 65 % monomer conversion respectively.
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3.2.2 Hydrolysis of poly(vinyl esters) to poly(vinyl alcohol)

Based on the kinetics studies of the polymerization reactions, PVA syntheses were set-up and
quenched at approximately 65 % monomer conversion. The vinyl ester polymers were
precipitated in pentane and subsequently hydrolyzed in 1 M NaOH to yield PVA. The diad
tacticity is calculated from the triad tacticity using *H NMR in ds-DMSO (Figure 5). Hydrolysis
of PVAc and PVPi results in a diad syndiotacticity of respectively r =54 % and r = 60 % (Table
2), which is similar to the reported values from bulk free radical polymerization of the vinyl
monomers at 60 °C.1° With PVBz as precursor, a slightly lower syndiotacticity r = 49 % was
obtained, while hydrolysis of PVCIAc yielded a similar tacticity to PVAc (r = 54 %).

OH

mr

mm

H,0

CH

r

DMSO

—

CH,

3/ ppm
Figure 5: 'H NMR (ds-DMSO) showing the triad tacticity of PVA-1.

Table 2: Triad tacticity of the hydrolyzed of poly(vinyl ester) determined using *H NMR (ds-

DMSO0), and diad syndiotacticity calculated viar = rr + ?

rr
Polymer precursor mm (%) mr (%) rr (%) o r (%)
PVA-1 PVAC 21 50 29 1.43 54
PVA-2 PVPi 15 50 35 2.36 60
PVA-3 PVCIAC 21 49 30 1.39 54
PVA-4 PVBz 27 48 25 0.91 49
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3.2.3 Antifreeze activity of poly(vinyl alcohol)

The antifreeze activity of PVA-1 (r = 54 %, PVAc precursor) was measured using ice
recrystallization inhibition (IRI) experiments. Samples were measured in PBS buffer to directly
compare the results with IRI activity experiments reported by Congdon et al.8 In a typical IRI
experiment, a 1 uLL sample is placed between two cover slides and is quickly frozen to -40 °C.
After 5 min. the sample is heated to -6 °C and held at that temperature for 30 min. Micrographs
were taken at regular time intervals to follow the grain boundary migration process. IRI activity
of PVA-1 is observed down to a concentration of 0.2 mg/ml (Figure 6), which is in line with
reported values for PVA with a degree of polymerization of DP ~ 178.8

PBS 1 mg/ml 0.5 mg/mi 0.2 mg/ml 0.1 mg/ml

0
1
t/ min
2
5
30
40 ym

Figure 6: Ice recrystallizat
178). All samples were measured in PBS buffer, and annealed for 30 min at -6 °C. The small
dots in the micrographs are air bubbles.

The thermal hysteresis (TH) activity of PVA-1 was measured using the sonocrystallization
method. While 0.2 mg/ml solutions of PVA-1 inhibit ice recrystallization, no thermal hysteresis
activity is observed for PVA-1 solutions at a concentration of 5 mg/ml (Figure 7A). Instead,
the temperature profile of a5 mg/ml solution (red line) resembles that of the buffer (black line),
which means that PVA-1 does not produce a TH gap. Also when mixed with type 11l AFP
(rQAE isoform), the ~ 0.02 °C reduction of the non-equilibrium freezing point is insignificant;
i.e. within experimental uncertainty. For comparison, the pyramidal plane binding type | AFP
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from winter flounder (WfAFP1) which shows only minimal TH activity, does significantly
enhance the TH activity of rQAE by 0.19 °C (Figure 7B).

The IRI and TH activity of PVA-2 (r = 60 %, PVPi precursor) was also tested. Again,
IRI was observed at and above a concentration of 2 mg/ml, while no TH was detected in the
presence or absence of rQAE. Apparently the 6 % difference in tacticity does not result in
appreciable difference in activity. Also, the current difficulties to quantify the IRI activity does
not allow for reliably assessing the influence of only a minimal (~ 6 %) difference in tacticity
on the antifreeze properties of PVA.

A B
0.0 0.0
-0.2 -0.2
o o
F F
Buffer
—— Buffer
-0.4 —_— -0.4
rQAE 1 mg/ml —— [QAE 1 mg/ml
——PVA-1 5 mg/ml
rQAE + PVA-1 —— wfAFP1 2 mg/ml
— rQAE + wiAFP1
-0.6 T T T -0.6 T T T
1500 2000 2500 1500 2000 2500
t/s t/s

Figure 7: (A) Sonocrystallization measurement of PVA-1 (5 mg/ml) and PVA-1 (5 mg/ml)
mixed with type 1l1 AFP (rQAE, 1 mg/ml). (B) Sonocrystallization measurement of winter
flounder type I AFP WfAFP1 (2 mg/ml), and wfAFP1 (2 mg/ml) mixed with type Il AFP
(rQAE, 1 mg/ml). All samples were measured in 20 mM Tris, pH 7.5.
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3.2.4 Synthesis of fluorescently labeled pol(vinyl alcohol)

As demonstrated in chapter 2, the specific ice adsorption plane of AFPs determines the TH
activity measured using sonocrystallization. Only AFPs that bind fast and in sufficiently large
amounts to fast growing ice crystal planes are able to block rapid ice crystal growth. Hence,
we aim to probe to which ice crystal plane PVA binds by fluorescent microscopy to better
understand why PVA is IRI active but shows no TH activity.

A terminal naphthalimide dye can be readily introduced into PVA prepared by
RAFT/MADIX polymerization via a naphthalimide-substituted xanthate. Naphthalimide dyes
have strong fluorescence and good photo-stability, and have been used to prepare fluorescent
single chain nanoparticles.?! A xanthate with a naphthalimide substituent (CTA-2) was
synthesized following the procedure described by Bardajee et al.??> The synthesis involves a
condensation reaction of naphthalimide anhydride with isobutyl amine, followed by a
nucleophilic aromatic substitution reaction and esterification with xanthogenic acid via
EDC/DPTS coupling (Scheme 2).

O
o N
HO. (@)
HO/\/NHz \L HOJ\rS\ﬂ/O\/ YK
NH S ©

Br
TEA EDC/DPTS \L
) — 0 — 0 ——
49% 44% 89%

0~ 0" o 0~ 'N” 70 07 N0

Scheme 2: Synthesis of CTA-2, following the procedure of Bardajee et al.?2

Polymerization of VCIAc using CTA-2 (Scheme 3), using AIBN as initiator in dioxane at 60
°C showed a very slow propagation rate and low conversion (Figure 8). The reaction was
stopped after 116 h at 22 % conversion. This corresponds to a theoretical molecular weight of

n = 7.100 Da (DP ~ 55), calculated from the starting monomer concentration and ratio
[M]o/[CTA] = 250. GPC analysis shows a molecular weight My cec = 6.200 (DP ~ 48) with a
dispersity Mw/My = 1.34. The low monomer conversion rate can be attributed to the formation
of radical adducts with the naphthalimide. In an attempt to obtain higher molecular weights,
V-40 was used as initiator at a reaction temperature of 88 °C to obtain a higher radical flux.
However, this resulted in an even lower conversion (Figure 8) and after 4 days the color of the
reaction mixture changed from green to dark red-brown, suggesting the formation of adducts
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of the naphthalimide group. Therefore, no further polymerizations were conducted with V-40
as initiator.

o)
\> CTA2 HN X
g HN\/\O STO\/ \/\O
E— n n
: o SHR ) Rl ® SR
AIBN, dioxane 60 °C 4):0 Mild hydrolysis
cl Cl

O~ 'N” "0 O

¥

Napht-PVCIAc

Scheme 3: RAFT/MADIX polymerization of VCIAc using CTA-2.

Napht-PVA

30

- m-AIBN 60 °C
-®-V-4088°C

n
o
1

\
A
\

Conversion 'H NMR / %

T T T T T T
0 20 40 60 80 100 120
t/h

Figure 8: Plot of monomer conversion followed by *H NMR with AIBN (m) and V-40 (e) as
radical initiator.

After precipitation in pentane and drying under high vacuum, the naphthalimide-substituted
PVCIAc (Napht-PVCIAC) had a yellow-green color. The *H NMR spectrum of Napht-PVCIAc
shows aromatic signals (6 = 7-9 ppm) and a doublet (6 = 0.97 ppm) from the isopropyl group
of the naphthalimide substituent (Figure 9). Napht-PVCIAc was hydrolyzed under mild
conditions? to yield orange colored PVA with a terminal naphthalimide group (Napht-PVA).
The *H NMR spectrum shows a degree of hydrolysis near 100 %. The degree of labeling can
be calculated from the integrals of the NMR signals of e and g, showing that there is
approximately one naphthalimide group per 59 monomers (M, ~ 3.100, DP = 59), which is
closely corresponding to the DP calculated from the monomer conversion and GPC analysis.
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Figure 9: 'H NMR (ds-DMSO) spectrum of Napht-PVCIAc (top) and Napht-PVA (bottom).

Inset shows the aromatic signals from the naphthalimide group (6 =

3.2.5 Characterization of fluorescently labeled pol(vinyl alcohol)

7-9 ppm).

Absorption and emission spectra of Napht-PVA show a maximum absorbance and emission
intensity at wavelengths Aapsmax = 445 nm and Aemmax = 547 nm (Figure 10), and an extinction
coefficient of € = 1.922 M cm™ calculated using the Lambert-Beer law. These agree well with
reported values for naphthalimide dyes in organic solvents, taking into account that in water
wavelengths of maximum absorbance and emission intensity show a red-shift compared to

organic solvents and a ten-fold lower extinction coefficient.?®
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Figure 10: Normalized absorption and emission spectra of Napht-PVA measured in PBS
buffer. Aapsmax = 445 NM, Aem max = 547 NM (Rexc = 440 nm), ¢ =1 mg/ml, | =0.2 cm, € = 1922

M1 cml.
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In ice recrystallization inhibition experiments (bright field, Figure 11A-C), Napht-PVA is IRI
active down to a concentration of 1 mg/ml. This shows that Napht-PVVA is slightly less active
than PVA-1, which can arise from the difference in the degree of polymerization; DP = 48 for
Napht-PVA and DP = 178 for PVA-1. Previous work by Congdon et al. has revealed that longer
PVAs are active at lower concentrations (Figure 1).8

The inhibition of grain boundary migration processes by Napht-PVA can be observed
using fluorescence IRI (FL-IRI) experiments (Figure 11B-D), during an annealing process of
45 min at -6 °C. The centers of the large ice grains show minimal fluorescence, which may
indicate that the Napht-PVA becomes excluded from the large growing ice grains during the
recrystallization process. However, the grain boundaries could not be well resolved under high
magnification due to the presence of many air bubbles, which appear brightly fluorescent due
to the preferential localization of the hydrophobic naphthalimide group at the air-water
interface. The Napht-PVA was also used in an ice growth habit experiment as described by
Budke et al. (Figure 2A),® in order to observe the ice shaping ability of PVA using fluorescence
microscopy. However, these experiments proved to be too challenging with the current
experimental set-up due to limited temperature control.

o A e 7, e m—

Figure 11: Brightfield (A-C) and fluorescence (B-D) micrographs of the ice recrystallization
inhibition experiments of Napht-PVA (1 mg/ml) measured in PBS buffer, after 10 min (A-B)
and 45 min (C-D) annealing at -6 °C. Scale bar represents 100 pm.
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3.3 Discussion
3.3.1 Controlled radical polymerization of poly(vinyl alcohol)

Advances in controlled radical polymerization techniques allow for the synthesis of well-
defined polymers with predefined molecular weight and narrow molecular weight distribution.
The molecular weight of a polymer has a significant effect on the material properties, such as
its mechanical properties, crystallinity, solubility, etc. As has been demonstrated by Congdon
et al., also the antifreeze activity of poly(vinyl alcohol) determined by IRI experiments is
proportional to molecular weight, and a minimal number of 20 monomer subunits (DP > 20) is
required in order to inhibit the recrystallization of ice. In addition to molecular weight, the
physical properties of polymeric materials are also influenced by tacticity. Tacticity describes
the relative orientation of the side groups of adjacent subunits along the polymer backbone,
which is particularly important for vinyl polymers. In addition, Budke et al. proposed a good
match of atactic PVA to the prism planes of ice,® suggesting that the tacticity of PVA could
also influence its antifreeze properties. However, controlling both molecular weight and
polymer tacticity of poly(vinyl esters) remains a challenge. To further investigate the effect of
polymer tacticity on the ice binding properties of PVA, we have used four vinyl ester monomers
with different bulky substituents for the preparation of poly(vinyl esters) using RAFT
polymerization as precursors for PVA.

Hydrolysis of PVAc obtained via RAFT polymerization gives an atactic polymer with
r ~ 54 %. With PVPi as a precursor, PVA with a slightly higher syndiotacticity r = 60 % is
obtained, due to steric hindrance of the bulky tert-butyl group during the polymerization
reaction of VPi. Hydrolysis of PVCIACc yields a tacticity similar to PVAc (r ~ 54 %), while
hydrolysis of PVBz resulted in a slightly lower syndiotacticity r = 49 %. Despite the use of
monomers with different bulky substituents, the difference in polymer tacticity of PVA is only
small (5-6 %). Other co-solvents (such as HFIP or heptane) instead of dioxane did not yield a
different tacticity (HFIP) or resulted in decreased solubility of the CTA (heptane). Clearly,
tacticity is difficult to control in radical polymerization reactions. The energy difference
between two enantiomers of an active radical species is low, especially compared to the thermal
energy of the reaction temperature (60 °C). Even though bulky substituents of vinyl ester
monomers can alter the energy difference via steric hindrance, reaction temperature is probably
a more dominant factor. Hence, PVA with high iso- or syndiotacticity is mostly obtained at
very low polymerization temperatures (e.g., -78 °C).1**® Furthermore, the type of catalyst and
co-solvent used will also influence the resulting polymer tacticity. Since it is difficult to
accurately quantify IRI activity, a tacticity difference of at least 20 % is required to reliably
assess the influence of polymer tacticity on the ice binding of PVA. Hence, low temperature
polymerization strategies have to be applied in order to obtain high iso- and syndiotactic PVA.
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3.3.2 Conformation of poly(vinyl alcohol) at the ice-water interface

Antifreeze proteins are shown to have a wide variety in structural complexity. Poly(vinyl
alcohol) on the other hand, has no particular structure in solution, but is able to inhibit the
recrystallization of ice similar to AFPs. This raises the question if the underlying mechanism
that governs the antifreeze activity of PVA and AFPs is identical. Crystallographic data and
site-directed mutation studies suggest that AFPs have an ice binding face which is relatively
flat, hydrophobic and rich in threonine residues. This amphipathic character results in high
surface activity of the proteins. Recent vibrational sum frequency generation (VSFG)
experiments demonstrated the accumulation of a pB-helical AFP (DAFP-1) at the air-water
interface with its threonine rich ice binding face pointing towards the air.?

Similar to AFPs, PVA is an amphiphilic macromolecule with high surface activity.
Molecular dynamics simulations at the water-vacuum interface showed that monodisperse
atactic oligomers (DP = 30) of PVA display two different states at low and high
concentration.?> At low concentration, PVA chains display elongated, rigid structures at the
interface, while networks are formed at high concentrations via intra- and intermolecular
hydrogen bonding, along with substantial slowing of polymer and water dynamics at the
interface. Furthermore, preliminary vSFG measurements at the air-water interface suggested
the orientation of the OH groups of PVA pointing up in the air, while the hydrophobic backbone
is pointed towards the water phase.?* Possibly, PVA adopts a conformation at the ice-water
interface where OH groups hydrogen bond to clathrate waters and the hydrophobic backbone
points towards the water phase, similar to AFPs.?’

Why then is PVA not able to lower the non-equilibrium freezing point? Arresting rapid
ice growth requires fast binding to fast growing non-basal ice planes (chapter 2), with sufficient
surface coverage, to effectively hinder the addition of water molecules to the growing ice
surface. Possibly, the thin and flexible polymer backbone of PVA is limiting its ability to
sterically hinder the growing ice front to give rise to the Gibbs-Thomson effect. Further
characterization of the conformation of PVA at both air-water and ice-water interface might
give a more complete explanation of how PVA adsorbs to ice crystal planes and if the molecular
recognition event is similar to AFPs.
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3.4 Conclusion

A molecular description of the ice-PVA interaction and knowledge on which factors govern
ice binding of PVA is currently still missing. It is likely that the multivalent interaction is
influenced by both the molecular weight and tacticity of the polymer. Controlling both
molecular weight and tacticity of poly(vinyl esters) is currently still a major synthetic
challenge. In this study, vinyl ester monomers with varying bulky substituent have been used
to alter the tacticity of PVA using RAFT polymerization. However, only a syndiotacticity
difference of ~ 5-6 % was obtained. Polymerization at lower reaction temperatures or with
other catalysts may allow gaining control over both polymer properties to test their effect on
the antifreeze activity of PVA. Moreover, PVA end-functionalized with a naphthalimide group
was prepared via the synthesis of a naphthalimide substituted xanthate. The naphthalimide
substituted PVA (Napht-PVA) will be used for FIPA analysis in order to determine the ice
binding planes of PVA.
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3.5 Materials and methods
Chemicals and materials

All commercial reagents were purchased from Sigma Aldrich and used as received without
further purification, unless stated otherwise. Vinyl ester monomers were purified by passing
through basic alumina prior to polymerization. Azobisisobutyronitril (AIBN, Sigma Aldrich)
was recrystallized from methanol. N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) was purchased from Iris Biotech. Triethyl amine (TEA) was stored over
KOH pellets. Deuterated solvents were obtained from Cambridge Isotope Laboratories and
dried over molsieves. All solvents were of AR quality and purchased from Biosolve. All
polymerization reactions were performed using a 10 mL Schlenk flask (Chemglass, AF-0520-
20). Reactions were followed by thin-layer chromatography (precoated 0.25 mm, 60-F254
silica gel plates from Merck).

Instrumentation

Flash chromatography was performed using an automatic flash chromatography instrument
Biotage Isolera One equipped with biotage SNAP KP-Sil silica cartridges. NMR spectroscopy
was performed on a Varian Mercury Vx 400 MHz and/or Varian 400MR, operating at 400
MHz for *H and 100 MHz for *C. Chemical shifts are reported in ppm () values relative to
tetramethylsilane (TMS) or residual solvent. Splitting patterns are labeled as s, singlet; d,
doublet; dd, double doublet; t, triplet; g, quartet; g, quintet; m, multiplet and b stands for broad.
Matrix assisted laser desorption/ionisation (MALDI) mass spectra were obtained on a
PerSeptive Biosystems VVoyager DE-PRO spectrometer or Bruker autoflex speed spectrometer
using a-cyano-4-hydroxycinnamic acid (CHCA) and trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB) as matrices. Electron Spray lonization Liquid
Chromatography mass spectra (ESI-LCMS) were obtained on a LCQ Fleet from Thermo
Scientific on a C18 column, Surveyor AS and PDA. IR spectra were recorded on a Perkin-
Elmer FTIR Spectrum 2 spectrometer equipped with a Perkin-Elmer Universal ATR Sampler
Accessory. THF-GPC measurements were performed on a Shimadzu-system (Prominence i
LC-2030C 3D) equipped with two Agilent Technology columns in series (PLgel 5 um mixed
C [200-2.000.000 Da] and PLgel 5 um mixed D [200-40.000 Da]), a RI detector and a PDA
detector, with THF as eluent at 40 °C and a constant flow rate of 1 mL/min. The system was
calibrated with polystyrene (PS) samples with a range of 580-100.000 Da (Polymer
Laboratories). CHCIl3-GPC measurements were performed on a Shimadzu-system (Prominence
i LC-2030C 3D) equipped with a Agilent Technology Resipore column [200-400.000 Da], a
RI detector and a PDA detector, with CHCIs as eluent at 40 °C and a constant flow rate of 1
mL/min. The system was calibrated with polystyrene (PS) samples with a range of 92-371.000
Da (Polymer Laboratories). UV/vis absorption spectra were recorded on a Varian Cary 50
spectrometer. Fluorescent emission spectra were recorded on a Varian Cary Eclipse

56



Ice binding of poly(vinyl alcohol)

fluorometer. Fluorescence microscopy was performed using a Zeiss Axio observer D1
equipped with an AxioCam Mrm camera and Zeiss Axiovision software (Carl Zeiss), with an
adapted temperature controlled stage (Nanoliter osmometer, Otago intruments).

Preparation of 4-(dimethylamino)pyridinium 4-toluenesulfonate, DPTS

Hydrated p-toluenesulfonic acid (PTSA, 1.96 g, 16 mmol) in toluene was dried by azeotropic
distillation by using a Dean-Stark trap. An equimolar solution of 4-dimethylaminopyridine
(DMAP, 3.04 g, 16 mmol) in warm toluene was added dropwise to the hot mixture. The
resulting suspension is cooled and the solid collected by filtration. The crude product was
purified by recrystallization from hot acetone.

Xanthogenic acid, XA

To a 250 mL round bottom flask were added potassium ethyl xanthogenate (20 g, 125 mmol),
2-bromopropionic acid (7.4 mL, 82 mmol) and 150 mL acetone, and stirred for 24 h at RT. The
salt was filtered from the solution and the solvent removed under reduced pressure, yielding
the final product as a yellow oil at 95 % purity. *H NMR (CDCls, 400 MHz): § 10.52 (s, 1H,
COOH), 4.61 (g, J = 7.1 Hz, 2H, OCH,CHs), 4.31 (q, J = 7.4, Hz, 1H, (CO)CH(CHs3)S), 1.54
(d, J = 7.4 Hz, 3H, (CO)CH(CHa)S), 1.41 (t, J = 7.1 Hz, 3H, OCH2CHjs). *C NMR (CDCls,
100 MHz): 213.4, 176.5, 70.1, 49.7, 18.0, 13.8.

Typical procedure for RAFT polymerization of vinyl esters

A clean and dry 10 mL Schlenk flask was charged with 5 mL of vinyl ester monomer (250 eq.),
cyanomethyl methyl(phenyl)carbamodithioate (CTA-1, 1 eq.), AIBN (0.2 eq.) and dioxane (10
vIiv%, 0.56 mL). The flask was deoxygenated by three freeze-pump-thaw cycles, back-filled
with argon and immersed in an oil back at 60 °C. The monomer conversion was checked by *H
NMR (CDClz) and the reaction stopped at ~ 65 % conversion by exposure to air. The reaction
mixture was diluted with THF and the polymer precipitated three times in pentane, except PVPi
which was precipitated in MeOH/water. The product was dried under high vacuum for 3-4 h.
The molecular weights were checked by GPC. PVAc GPC (CDClz, PMMA standard): Mp =
16.700, DP =189, D = 1.37. *H NMR (CDCls, 400 MHz): § 4.87 (b, 1H, CH,CHO), 2.03 (t,
J =7.6 Hz, 3H, CH3(C=0)0), 1.76 (b, 2H, CH2CHO). PVPi GPC (CDCls3, PMMA standard):
Mhn =21.900, DP = 170, D = 1.45. *H NMR (CDCl3, 400 MHz): § 4.80 (b, 1H, CH,CHO), 1.73
(b, 2H, CH2CHO), 1.17 (s, 9H, (CH3)3C(C=0)0). PVCIAc GPC (THF, PMMA standard): M
=24.300, DP = 202, D = 1.46. *H NMR (CDCls, 400 MHz): § 4.96 (b, 1H, CH2CHO), 4.10 (b,
2H, CICH>(C=0), 1.93 (b, 2H, CH2CHO). PVBz GPC (CDCl3, PMMA standard): M, =
12.200, DP = 82, D = 1.67. *H NMR (CDCls, 400 MHz): § 7.74-7.13 (b, 5H, benzyl), 5.23 (b,
1H, CH2CHO), 2.02 (b, 2H, CH>CHO).
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The poly(vinyl esters) were hydrolyzed by dissolving 0.5 g of polymer in 20 mL of THF, except
PVAc which was dissolved in MeOH. A 10 mL solution of 1.2 g NaOH in MeOH/water (9:1
v/Iv%) was added dropwise and the reaction mixture was stirred overnight at 40 °C. The reaction
mixture was neutralized by the addition of 2.5 mL HCI solution (37 %), after which the
hydrolyzed polymer precipitated. The solution was decanted and the precipitate washed with
methanol four times. Residual salt was removed via dialysis. The polymers were dried under
high vacuum at RT for 3-4 h. The degree of hydrolysis and tacticity of the resulting poly(vinyl
alcohol) was checked by *H NMR (ds-DMSO). *H NMR (ds-DMSO, 400 MHz): & 4.67 mm,
4.47 mr, 4.22 rr (triad, 1H, OH), 3.83 (b, 1H, CH2CHOH), 1.37 (b, 2H, CH2CHOH).

4-bromo-N-isobutylnaphthalimide

4-bromo-1,8-naphthalic anhydride (2 g, 7.22 mmol) was dissolved in dioxane (20 mL) and
isobutyl amine (2.9 mL, 28.9 mmol) was slowly added to the mixture at RT. The solution was
refluxed for 4 h. The solvent was evaporated under reduced pressure and the product was
separated by column chromatography (SiOz, heptane/acetone 3:1, Rt = 0.45, first fraction). The
final product was obtained as a yellow solid (1.18 g, 49 %). 'H NMR (CDCls, 400 MHz): §
8.65 (dd, J = 1.2, 7.3 Hz, 1H), 8.57 (dd, J = 1.2, 8.5 Hz, 1H), 8.41 (d, J = 7.9 Hz, 1H), 8.04 (d,
J=7.8Hz, 1H), 7.84 (dd, J = 7.3, 8.5 Hz, 1H), 4.03 (d, J = 7.5 Hz, 2H), 2.24 (m, 1H), 0.98 (d,
J = 7.0 Hz, 6H). *C NMR (CDCls, 100 MHz): § 163.9, 133.2, 132.1, 131.3, 131.1, 130.6,
130.1, 129.0, 128.1, 123.1, 122.2, 47.3, 27.3, 20.3. IR (ATR) vmax: 2959, 1704, 1662, 1343,
1236, 780 cm™. MALDI-TOF: calcd. for C1sH14BrNO2 332.02, found 332.07 (M+H).

4-(2-hydroxyethyl)amino-N-isobutylnaphthalimide

4-bromo-N-isobutylnaphthalimide (800 mg, 2.41 mmol) was dissolved in dioxane (20 mL) and
2-aminoethanol (1.5 mL, 24.1 mmol) and triethylamine (1.7 mL, 12 mmol) were added
dropwise at RT. The reaction mixture was refluxed overnight. The solvent was evaporated
under vacuum and the product separated by column chromatography (SiO, heptane/acetone
1:1, Rs = 0.30, second fraction). The final product was obtained as a yellow solid (330 mg, 44
%). *H NMR (de-DMSO, 400 MHz): § 8.66 (d, J = 8.6 Hz, 1H), 8.39 (d, J = 7.6 Hz, 1H), 8.22
(d, J=9.1 Hz, 1H), 7.72 (m, 1H), 7.65 (t, J = 8.1 Hz, 1H), 6.78 (d, J = 8.3 Hz, 1H), 4.88 (m,
1H), 3.84, (d, J = 7.5 Hz, 2H), 3.67 (m, 2H), 3.44 (m, 2H), 2.10 (m, 1H), 0.85 (d, J = 6.7 Hz,
6H), 13C NMR (ds-DMSO, 100 MHz): § 164.5, 163.7, 151.3, 134.8, 131.3, 129.9, 129.0, 124.7,
122.3, 120.6, 118.4, 108.0, 104.3, 59.2, 46.5, 46.0, 27.3, 20.7. IR (ATR) vmax: 3383, 2959,
1683, 1638, 1581, 1395, 1374, 1353, 1246 cm™. MALDI-TOF: calcd. for C1gH20N203 312.15,
found 313.21 (M+H).

4-(2-propionyloxyethylxanthateethyl)amino-N-isobutylnaphthalimide, CTA-2

4-(2-hydroxyethyl)amino-N-isobutylnaphthalimide (250 mg, 0.8 mmol), XA (466 mg, 2.4
mmol) and DPTS (236 mg, 0.8 mmol) were dissolved in 20 mL DMF. EDC (414 mg, 2.16
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mmol) was dissolved in 10 mL chloroform and added dropwise on ice. The reaction mixture
was left to stir at RT under argon overnight. The DMF was removed under reduced pressure,
and 150 mL chloroform was added. The organic layer washed with 1 % NaHCOs3 twice and
three times with water (100 mL). The organic layer was dried over MgSOa4 and the chloroform
removed under reduced pressure. The product was purified by column chromatography (SiOo,
heptane/acetone 1:1, Rf = 0.55). The final product was obtained as an orange/brown oil (390
mg, 89 %). 'H NMR (CDCls, 400 MHz): § 8.59 (d, J = 7.3 Hz, 1H), 8.47 (d, J = 8.5 Hz, 1H),
8.09 (d, J = 8.5 Hz, 1H), 7.66 (t, J = 7.6 Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 5.74 (m, 1H), 4.64-
4.45 (m, 5H), 4.02 (d, J = 7.1 Hz, 2H), 3.71 (q, J = 4.7, 5.1 Hz, 2H), 2.25 (m, 1H), 1.59 (d, J =
7.3 Hz, 3H), 1.33 (t, J = 6.6 Hz, 3H), 0.97 (d, J = 6.5 Hz, 6H). 1*C NMR (CDCls, 100 MHz):
0 212.2, 207.2, 172.6, 164.9, 164.4, 148.8, 134.3, 131.3, 130.2, 129.7, 126.1, 125.9, 123.2,
120.4, 111.2, 104.2, 70.6, 63.5, 47.2, 46.9, 43.2, 27.4, 20.3, 16.4, 13.6. IR (ATR) vmax: 3385,
2959, 1738, 1683, 1649, 1582, 1549, 1380, 1352, 1228, 1046 cm™. ESI-LCMS: calcd. for
C24H28N205S, 488.14, found 489.17 (M+H).

RAFT polymerization of VCIAc using CTA-2, Napht-PVA

A clean and dry 10 mL Schlenk flask was charged with 2 mL of VCIAc (250 eg., 19.8 mmol),
CTA-2 (1 eq., 39 mg, 0.079 mmol), initiator (0.2 eq., 0.016 mmol, AIBN) and dioxane (10
viv%, 0.22 mL). The flask was deoxygenated by three freeze-pump-thaw cycles, back-filled
with argon and immersed in an oil bath at 60 °C. The monomer conversion was checked by *H
NMR (CDCls) and the reaction stopped by exposure to air after 116 h at 22 % conversion. The
reaction mixture was diluted with THF and the polymer precipitated in pentane three times.
GPC (THF, PMMA standard): Mn = 6200, DP = 47, D = 1.34. 'H NMR (CHCls, 400 MHz): §
8.60 (d, J = 7.4 Hz, 1H), 8.48 (d, J = 8.6 Hz, 1H), 7.67 (t, J = 7.4 Hz, 1H), 6.72 (m, 2H), 4.93
(b, 103H), 4.66 (m, 3H), 4.11 (b, 232H), 1.93 (b, 237H), 0.98 (d, J = 6.8 Hz, 6H).

The polymer was hydrolyzed by dissolving 50 mg in 5 ml THF/MeOH followed by addition
10 mg K>COs3 and stirred for 2 h at RT. The solvent was removed under reduced pressure. The
yellow-orange product was redissolved in water and dialyzed (CE, 100-500 Da MWCO) to
remove residual salt. *H NMR (ds-DMSO, 400 MHz): § 8.75 (d, J = 7.7 Hz, 1H), 8.45 (d, J =
7.1 Hz, 1H), 8.28 (d, J = 8.0 Hz, 1H), 7.83 (m, 1H), 7.69 (t, J = 7.7 Hz, 1H), 6.83 (d, J = 8.8
Hz, 1H), 4.54 (b, 54H), 3.84 (b, 59H), 1.37 (b, 139), 0.98 (d, J = 6.6 Hz, 6H).
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Chapter 4

A molecular bottlebrush that blocks ice growth

Abstract

Molecular bottlebrushes are densely grafted copolymers with an extended brush-like shape. In
this study, the synthesis of molecular brushes with poly(vinyl alcohol) (PVA) side chains is
described, via a combination of atom-transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain-transfer (RAFT) polymerization. The facile preparation of PVA
brushes is performed via the selective hydrolysis of the chloroacetate esters of the poly(vinyl
chloroacetate) (PVCIAc) side chains of a PVCIAc precursor brush. Small angle X-ray
scattering (SAXS) experiments and atomic force microscopy (AFM) demonstrate a highly
extended topology of the PVA brush. Analysis of the antifreeze activity shows that densely
grafting PVA side chains on a rigid polymer backbone does not increase the ice
recrystallization inhibition (IR1) activity significantly compared to linear PVA.



Chapter 4

4.1 Introduction

Molecular bottlebrushes are a class of copolymers with an extended rod-like topology due to
steric repulsion of the densely grafted side-chains.™? These brush polymers have gained a lot
of interest for applications ranging from super soft elastomers® to stimuli responsive
molecules,*® because of their unique macromolecular architecture. Nese et al. developed an
efficient procedure to prepare molecular brushes of vinyl acetate (VAc) and other vinyl
monomers, using a combination of atom-transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain-transfer (RAFT) polymerization.®’ However, the PVAc side
chains of the molecular brush could not be hydrolyzed to prepare poly(vinyl alcohol) (PVA)
bottlebrushes due to the presence of multiple ester bonds.

This study describes the synthesis of PVA molecular bottlebrushes via the selective
hydrolysis of chloroacetate esters of grafted poly(vinyl chloroacetate) (PVCIAC) side chains.
As a precursor for the brush backbone, poly(2-hydroxyethyl methacrylate) (PHEMA) with
narrow molecular weight distribution was prepared by ATRP, followed by esterification of the
hydroxyl groups with xanthate moieties to form the macroCTA poly(2-
propionyloxyethylxanthateetyl methacrylate) (PPXEM). Poly(vinyl chloroacetate) (PVCIAC)
side chains were grafted on the PPXEM backbone using RAFT to generate PPXEM-g-PVCIAc
brushes. The rate of chloroacetate ester cleavage is known to be 760 times faster than the
cleavage rate of acetate esters,® which allows for the selective hydrolysis of the PPXEM-g-
PVCIAc brush precursor under mild conditions for the preparation of PVA brushes. The
macromolecular structure of the PVA brushes in solution is characterized using small angle X-
ray scattering (SAXS) and atomic force microscopy (AFM), showing that the PVA brushes
have a rod-like topology. Furthermore, the antifreeze activity of the PVA brushes is studied to
determine the effect of densely grafted PV A side chains on the multivalent ice-PVA interaction
compared to linear PVA polymers.
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4.2 Results
4.2.1 ATRP of TMS-hydroxyethyl methacrylate and preparation of macro-CTA

The reaction conditions and stoichiometry of reagents for the ATRP polymerization of HEMA-
TMS were chosen according to an adapted procedure from the Matyjaszewski group. The
original procedure was developed to target high molecular weight, involving halogen exchange
to improve initiation efficiency. The initial stoichiometry of the reagents was: [HEMA-TMS]
: [EBriB] : [CuCl] : [CuCl;] : [dNbpy] =400:1:2:0.2: 4.4, with 10 v/v% anisole at T = 90
°C (Scheme 1). Monomer conversion was monitored by *H NMR (Figure 1), showing a
constant concentration of active propagating species based on the linearity of a semilogarithmic
kinetic plot of In([M]o/[M]) vs. time (Figure 1B). Once the polymerization kinetics were
determined, a new polymerization reaction was set-up, which was quenched at 42 % monomer
conversion. The copper catalyst was removed by passing the reaction mixture through a silica
column. Deprotection of the TMS-groups in methanolic HCI yielded PHEMA with a molecular
weight of M, = 17.000, DP =129 and Mw/M, = 1.08.

pi

o)
s__O
Cu(l)Cl, Cu(lCl HOJ\( b g
o dNbpy, EBriB n S 2
o —_— _—

Anisole, 90°C Methanol HCI (1 M) EDC/DPTS, DMSO o :go;
oTMS OTMS OH
s
PHEMA d
PPXEM

Scheme 1: Synthesis of the macro-CTA poly(2-propionyloxyethylxanthateetyl methacrylate)
(PPXEM).

The esterification of PHEMA with xanthogenic acid (XA) into PPXEM was performed via
EDC/DPTS coupling (Scheme 1). Nearly full conversion was observed from the *H NMR
spectrum (Figure 2), and the GPC analysis yielded a molecular weight of M, = 37.400, DP =
121 and Mw/M, = 1.56. The increase in dispersity arises from a shoulder towards shorter
retention time in the GPC trace, probably due to a very small amount of crosslinking (not
observable with *H NMR) or interactions of PPXEM with the column.
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Figure 1: ATRP of HEMA-TMS, with (A) monomer conversion determined by *H NMR, (B)
semilogarithmic kinetic plot and (C) evolution of M, and Mw/M, as a function of monomer

conversion.
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Figure 2: *H NMR of PPXEM (top) and PHEMA (bottom) measured in CDCl3 and de-DMSO
respectively.

4.2.2 Preparation of PPXEM-g-PVA polymer brushes

PVA bottlebrushes were synthesized by the selective hydrolysis of the PVCIAc side chains of
PPXEM-g-PVCIACc brushes. RAFT polymerization of the PVVCIAc side chains using PPXEM
as macro-CTA was performed using AIBN (0.2 eq. per XA, 3) as initiator and 250 eq. of
monomer per XA in 10 v/v% dioxane. The reaction was allowed to continue for 6 h at 60 °C
until 42 % conversion, corresponding to a theoretical degree of polymerization of DP ~ 105 of
the PVCIACc side chains. The reaction mixture was already highly viscous at 42 % conversion.
The polymer was precipitated in pentane and dialyzed (THF, 12-14 kDa MWCO). The GPC
(THF) shows two peaks with peak maxima at tiop = 11.02 min (AUC = 6.9 %, M, = 471.800,
Mw/Mp = 1.07) and tip = 14.16 min (AUC = 93.1 %, My = 11.500, Mw/M, = 1.94). The first
peak (M, = 471.800) corresponds to the apparent molecular weight of the molecular brush.
Even though the estimated molecular weight calculated from the monomer conversion is M =
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1.672.000. This rather low apparent M, in GPC was also observed for PPXEM-g-PVACc
molecular brushes by Nese et al., in which they found Manwvr = 1.880.000 and M gpc =
315.000.° The origin of the second peak in the GPC trace at tiop = 14.16 min (Mn = 11.500)
might originate from the brush-like structure and/or interactions of the chlorine groups of the
polymer side chains with the column.

o) o)
02 VCIAc, AIBN O 0
o) _ _ o)
o Dioxane, 60 °C o Mild hydrolysis o
0
S Cl
=S OJK/ —OH
m
0 s HS
) s
o PPXEM-g-PVA
PPXEM )

PPXEM-g-PVCIAc
Scheme 2: Synthesis of PVA brush (PPXEM-g-PVA), with degree of polymerization of the
polymer backbone n ~ 129 and side chains m ~ 105.

Table 1: Molecular weight and polymer dispersity data of the polymer backbone and PVA
brush precursor. Molecular weights? were calculated from monomer conversion by *H NMR.
GPC data with DMF® (relative to PEO standards) and THFC (relative to PMMA standards) as
eluent.

Mn MNR 2 Mn GPC DP Muw/Mn,
1 | PHEMA 16.800 17.000® 129 1.08
2 | PPXEM 39.700 37.400 ¢ 121 1.56
3 | PPXEM-g-PVCIAC 1.672.000 471.800°¢ | 1291052 1.07

Next, the PPXEM-g-PVCIAc brush was hydrolyzed under mild conditions using
THF/MeOH/K,CO3 at room temperature to yield PPXEM-g-PVA (Scheme 2). 'H NMR
spectra of the initial PPXEM-g-PVCIAc show quantitative hydrolysis of the chloroacetate
groups aand b (6 =4.88 and 4.31 ppm), and the OH triad d (6 = 4.58 ppm) of the final PPXEM-
g-PVA brush (Figure 3). Using the length of the polymer backbone consisting of 129
monomers each with a graft compromising 105 units, the molecular weight of the PVA
bottlebrush is calculated to be M, = 635.700.
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Figure 3: 'H NMR of PPXEM-g-PVCIAc (top) and PPXEM-g-PVA (bottom) measured in
de-DMSO.

4.2.3 Structural characterization of the PVA molecular bottlebrush

The macromolecular structure and dimensions of the PVA bottlebrushes were further
characterized using small angle X-ray scattering (SAXS). Based on the length of the C-C-C
monomeric unit in tetrahedral configuration (lo = 0.25 nm)® and a backbone DP = 129, the
estimated number-average contour length of the PVA brush is approximately In = 32 nm.
Synchrotron SAXS data of the PVA molecular bottlebrush were obtained on the BM29
beamline (ESRF, Grenoble, France) (Figure 4). The accessible g-range does not cover the full
scattering profile of the PVA brush, and low-q data points needed to provide a reliable Guinier
analysis to extract the radius of gyration (Rg) and molecular weight (Mw,saxs) are missing.
However, two power law regimes are apparent in the scattering profile: a low q regime where
the intensity falls off with g%, followed by an intermediate regime where the intensity falls
off with g/, indicative of a highly elongated object. The experimental SAXS data can be
described by an elliptical cylinder model, with a minimal length | = 26.4 £ 0.2 nm, semiminor
axisa=0.15% 1.1 nm and semimajor axis b = 3.8 £ 28.9 nm. Even though the estimated length
of the form factor analysis is close to the number-average contour length of the PVA brush,
essential low q data points are missing to give an exact estimation. Also, we cannot yet exclude
a significant contribution of polydispersity, which could explain the large error on the estimated
parameters of the form factor modeling of the SAXS profiles. Furthermore, low contrast of the
PVA side chains, which makes them less visible by X-ray scattering, could give rise to an
underestimation of the cylinder cross-section.

In atomic force microscopy (AFM) experiments, conglomerates of highly extended,
stiff rods with a length of approximately | = 100 nm are observed (Figure 5). The height profile
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of a single rod (Figure 5B) shows a width of b = 15 nm and height of h = 1 nm. Single polymer
rods are difficult to observe in the AFM images, which may be due to the sticky and crystalline
nature of the PVA side chains, resulting in the formation of conglomerates during sample
preparation.
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Figure 4: Small angle X-ray scattering data (symbols) and fit of an elliptical cylinder model

(red line), with length | and elliptical cross section with semiminor axis a and semimajor axis
b.
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Figure 5: Atomic force microscopy (AFM) images of the PVA brushes. (A) Height image with
in blue the marked region which is used to plot the height profile of single rod (B), (C) phase
image, and (D) zoomed-in phase image. PVA brushes (0.1 mg/ml in pure water) were cast on
a highly ordered pyrolytic graphite (HOPG) substrate and the solvent was evaporated under a
nitrogen stream.
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4.2.4 Antifreeze activity of the PVA molecular bottlebrush

The antifreeze activity of PPXEM-g-PVA was studied using ice recrystallization inhibition
(IRI) experiments (Figure 6) and sonocrystallization measurements (Figure 7). PPXEM-g-PVA
effectively inhibits the recrystallization of ice down to a concentration of 0.5 mg/ml
(concentration VA monomers cva = 11 mM). This shows that on weight basis, the PVA brush
(DP PVA side chain = 109) is slightly less active than the linear PVA-1 (DP = 178), which is
active down to ~ 0.2 mg/ml (cva = 5 mM). This implies that if the PVA chain is long enough
(DP > 100), the affinity of PVA to the ice surface is sufficient to inhibit ice recrystallization,
and is hardly influenced by polymer architecture.

PBS 1 mg/mi 0.5 mg/ml 0.2 mg/ml

t/ min

40 pm

Figure 6: Ice recrystallization inhibition experiments of PPXEM-g-PVA, measured in PBS
buffer.

Sonocrystallization measurements of PPXEM-g-PVA at concentrations of 1, 3 and 5 mg/ml
show a stable freezing plateau similar to a buffer solution after initiation of the ice nucleation,
and no lowering of the non-equilibrium freezing point (Figure 7A). Mixed with 1 mg/ml type
Il AFP (rQAE isoform), only minimal lowering of non-equilibrium freezing plateau is
observed; 0.03, 0.07 and 0.09 °C for 1, 3 and 5 mg/ml of PVA brush, respectively (Figure 7B).
The non-existence of TH activity of the PVA brushes in sonocrystallization experiments is in
line with linear PVA polymers (chapter 3).
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Figure 7: Sonocrystallization experiments of (A) PPXEM-g-PVA and (B) PPXEM-g-PVA
mixed with 1 mg/ml type 11l AFP (rQAE isoform). All samples are measured in 20 mM Tris
pH 7.5.

4.3 Discussion

Linear polymer chains of poly(vinyl alcohol) effectively inhibit the recrystallization of ice
(chapter 3). The ice-PVA interaction is proposed to occur via multiple hydrogen bonds, with
longer polymer chains binding stronger to ice then shorter chains. In an attempt to enhance the
adhesion of PVA to ice surfaces, in this study we prepared PVA molecular bottlebrushes with
densely grafted PVA side chains on a rigid polymer backbone using a combination of atom-
transfer radical polymerization (ATRP) and reversible addition-fragmentation chain-transfer
(RAFT) polymerization. PVA molecular bottlebrushes were successfully prepared via the
selective hydrolysis of chloroacetate esters of a PVCIAc precursor brush. The macromolecular
structure of the PVA brush in solution was characterized using small angle X-ray scattering
(SAXS) and atomic force microscopy (AFM), showing a highly extended topology.

The PVA brush was found to inhibit the recrystallization of ice down to a concentration
of 0.5 mg/ml, which is on molar concentration of the VA monomers (cva =11 mM) less active
than linear PVA (cva =5 mM). These results show that the length of the PVA chain is important
for IRI activity, and thus the interaction between PVA and the ice surface. A polymer
architecture of densely grafting PV A side chains on a rigid polymer backbone hardly influences
the antifreeze activity of PVA. This conclusion might be confirmed by synthesizing PVA
brushes with a side chain length of DP = 20.
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4.4 Conclusion

Molecular brushes are a special class of copolymers with densely grafted side chains, resulting
in a rigid topology. In this study, the synthesis of a poly(vinyl alcohol) molecular brush is
described. A macro-CTA was prepared using ATRP, and subsequentially PVCIAc side chains
were polymerized via RAFT, followed by mild hydrolysis of the chloroacetate esters. The
macromolecular structure of the PVA molecular brushes in solution was characterized using
SAXS, showing the formation of a highly elongated object. The densely grafted PVA side
chains of the bottlebrush were proposed to enhance the ice-PVA interaction via multivalent
hydrogen bonding of the hydroxyl groups. However, compared to linear PVA no significant
increase in antifreeze activity was observed.
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4.5 Materials and methods
Chemicals and materials

All commercial reagents were purchased from Sigma Aldrich and used as received without
further purification, unless stated otherwise. Vinyl ester monomers were purified by passing
through basic alumina prior to polymerization. Azobisisobutyronitril (AIBN, Sigma Aldrich)
was recrystallized from methanol. N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) was purchased from Iris Biotech. Deuterated solvents were obtained from
Cambridge Isotope Laboratories and dried over molsieves. All solvents were of AR quality and
purchased from Biosolve. All polymerization reactions were performed using a 10 mL Schlenk
flask (Chemglass, AF-0520-20). Reactions were followed by thin-layer chromatography
(precoated 0.25 mm, 60-F254 silica gel plates from Merck).

Instrumentation

Flash chromatography was performed using an automatic flash chromatography instrument
Biotage Isolera One equipped with biotage SNAP KP-Sil silica cartridges. NMR spectroscopy
was performed on a Varian Mercury Vx 400 MHz and/or Varian 400MR, operating at 400
MHz for *H and 100 MHz for *C. Chemical shifts are reported in ppm (8) values relative to
tetramethylsilane (TMS) or residual solvent. Splitting patterns are labeled as s, singlet; d,
doublet; dd, double doublet; t, triplet; g, quartet; g, quintet; m, multiplet and b stands for broad.
Matrix assisted laser desorption/ionisation (MALDI) mass spectra were obtained on a
PerSeptive Biosystems VVoyager DE-PRO spectrometer or Bruker autoflex speed spectrometer
using oa-cyano-4-hydroxycinnamic acid (CHCA) and trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB) as matrices. IR spectra were recorded on a
Perkin-Elmer FTIR Spectrum 2 spectrometer equipped with a Perkin-Elmer Universal ATR
Sampler Accessory. DMF-GPC measurements were carried out on a PL-GPC-50 plus from
Polymer Laboratories (Agilent Tech.) with refractive index detector working in DMF
containing 10 mM LiBr at 50 °C at a constant flow rate of 1 mL/min on a Shodex GPC-KD-
804 column (exclusion limit = 400 kDa; 0.8 cm i.d. x 300 mL), which was calibrated with
polyethyleneoxide (PEO) standards with a range from 282 — 77350 Da (Polymer Laboratories,
Agilent Tech.). THF-GPC measurements were performed on a Shimadzu-system (Prominence
i LC-2030C 3D) equipped with two Agilent Technology columns in series (PLgel 5 pm mixed
C [200-2.000.000 Da] and PLgel 5 um mixed D [200-40.000 Da]), a RI detector and a PDA
detector, with THF as eluent at 40 °C and a constant flow rate of 1 mL/min. The system was
calibrated with polystyrene (PS) samples with a range of 580-100.000 Da (Polymer
Laboratories). The morphology of the molecular brushes are investigated by Atomic Force
Microscopy (AFM) by means of topography as well as phase imaging. The material is drop
cast on a Highly Ordered Pyrolytic Graphite (HOPG). The measurements are performed in
tapping mode on a NTegra Aura (NT-MDT) using a Hi’Res C14/Cr-Au cantilever
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(Micromasch) with a typical spike radius of 1nm, spring constant 5N/m and resonance
frequency of 160KHz. Synchrotron radiation X-ray scattering data was collected at the BM29
BioSAXS beamline of the ESRF (Grenoble, France) operating at 12.5 keV. The scattering
intensity was measured as a function of momentum transfer vector q = 4n(sinf)/ A, where A =
0.992 A is the radiation wavelength and 20 is the scattering angle. The beamsize was set about
700 um x 700 um and two-dimensional scattering profiles were collected using a Pilatus 1M
detector. Samples were measured at a fixed sample-to-detector distance of 2.867 m to cover an
angular range of 0.03 — 5 nm™. Samples were loaded via an automated sample changer and
flowed through a quartz capillary 1.8 mm in diameter, while collecting 10 frames of 0.1 s with
a reduced flux of 10*2 ph/s. The averaged value of buffer scattering measured before and after
the sample measurements was subtracted from the averaged sample scattering curve. Samples
were measured at 5 mg mL™ and the scattering profiles were brought to absolute scale using
the known scattering cross-section per unit sample volume, dx/dQ(0), of water and verified
using a BSA protein standard.

Preparation of copper chlorides

Copper(l) chloride - In a 100 mL beaker, a solution was prepared of 6 g of powdered CuSOs-
5-hydrate and 1.8 g of NaCl in 20 mL of hot water. A solution of 1.4 g of NaHSOz and 0.9 g
of NaOH in 10 mL water was added dropwise to the stirring copper sulfate solution. The
cuprous chloride was allowed to settle and the liquid decanted. The precipitated cuprous
chloride was washed two times with water by decantation, subsequently filtered and washed
with ethanol and diethyl ether. The cuprous chloride is obtained as a white powder that darkens
green-brown on exposure to air. Copper(ll) chloride - CuCl> hydrate was dried in a vacuum
oven over P20s at 80-100 °C for 2-3 h, resulting in brown crystals. Copper chlorides were
stored under argon in a dessicator.

Poly(hydroxyethyl methacrylate) using ATRP, PHEMA

A clean and dry 10 mL Schlenk flask was charged with HEMA-TMS (400 eq., 5 mL, 22.93
mmol), 4,4"-dinonyl-2,2'-dipyridyl (dNbpy, 4.4 eq., 103 mg, 0.252 mmol), CuCl (2 eg., 11 mg,
0.115 mmol), CuCl (0.2 eq., 1.5 mg, 11 mmol), and anisole (10 v/v%, 0.56 ml). The flask was
deoxygenated by three freeze-pump-thaw cycles. After the final cycle, the flask was filled with
argon and ethyl-a-bromoisobutyrate (EBriB, 1 eq., 8.4 uL, 0.057 mmol) was quickly added,
followed by another FPT-cycle. The flask was again back-filled with argon and immersed in
an oil bath at 90 °C. The reaction was stopped after 1.5 h at 42 % monomer conversion (*H
NMR, CDClI5) via exposure to air. GPC (CHCIs, PMMA standard): Mn crc = 22.300, DP = 109,
D = 1.10. The reaction mixture was diluted with chloroform and the copper was removed by
passing the reaction mixture through a silica column. The chloroform was removed under
reduced pressure, after which 20 mL methanol was added to the reaction aliquote and 1.7 mL
of 37 % HCl solution to give a final 1 M methanolic HCI solution to deprotect the TMS groups.
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The reaction mixture was stirred overnight at RT, after which the solution was neutralized by
the addition of 1.7 mL of a 1 M NaOH solution and the methanol removed under vacuum. The
final polymer solution was precipitated in THF and dried under vacuum. GPC (DMF, PEO
standard): M, = 17.000, DP = 129, My/M;, = 1.08. *H NMR (DMSO, 400 MHz): § 4.29 (b, 1H,
OH), 3.88 (b, 2H, CH2CH.0H), 3.57 (b, 2H, CH2CH>0H), 1.77 (b, 2H, CH>C(CH3)C=0),
0.92,0.76 (b, 3H, CH.C(CH3)C=0).

Poly(2-propionyloxyethylxanthateetyl methacrylate), PPXEM

PHEMA (0.5 g, 3.77 mmol HEMA unit), DPTS (1.11 g, 3.77 mmol) and XA (2.2 g, 11.31
mmol) were dissolved in 20 mL dry DMSO. EDC (1.95 g, 10.18 mmol) in 5 mL chloroform
was added dropwise to the reaction mixture and left to stir for 2 days at RT. Chloroform (150
mL) was added to the reaction mixture and the solution was washed with twice with 1 %
NaHCOs solution and four times with water (100 mL). The organic layer was dried over
MgSOs and the chloroform was removed under reduced pressure. The polymer was
precipitated in pentane three times. The final product was stored at 4 °C in chloroform and only
dried directly before use. Nearly full functionalization was observed by *H NMR (CDCls). A
small shoulder is present in the GPC trace attributed to minimal crosslinking, which is not
observable by 'H NMR. GPC (THF, PMMA standard): Mncpc = 37.400, DP = 121, Muw/M, =
1.56. 'H NMR (CHCls, 400 MHz): § 4.63 (b, 2H, CH3CH 0), 4.35 (b, 2H +1H, OCH,CH-0 +
SCH(CH3)C=0), 4.17 (b, 2H, OCH2CH0), 1.85 (b, 2H, CH.C(CH3)C=0), 1.61 (d, J = 6.6
Hz, 3H, SCH(CH3)C=0), 142 (t, J = 7.1 Hz, 3H, CH3CH0), 1.06, 0.89 (b, 3H,
CH,.C(CH3)C=0).

PPXEM-g-PVA

A clean and dry 10 mL Schlenk flask was charged with 2 mL VCIAc (250 eg. of XA group,
19.8 mmol), PPXEM (24 mg, 0.079 mmol XA group), AIBN (0.2 eqg. of XA group, 2.6 mg,
0.016 mmol) and dioxane (10 v/v%, 0.22 mL). The flask was deoxygenated by three freeze-
pump-thaw cycles, back-filled with argon and immersed in an oil back at 60 °C. The reaction
progress was followed by *H NMR and stopped after 6 h at 42 % conversion. The polymer was
precipitated in pentane three times and dialyzed (THF, Spectrapor RC-membrane 12-14 kDa
MWCO). The polymer was dried under high vacuum for 3-4 h, and the resulting product had
a solid white appearance. GPC (THF, PMMA standard): M, = 471.800, Mw/Mn = 1.07. *H
NMR (CHCls, 400 MHz): 6 4.95 (b, 1H, CH2CHO), 4.10 (b, 2H, CICH2(C=0), 1.92 (b, 2H,
CH>CHO).

The polymer was hydrolyzed by dissolving 50 mg in 5 mL THF/MeOH followed by addition
10 mg K>COs3 and stirred for 2 h at RT. The solvent was removed under reduced pressure. The
yellow-orange product was redissolved in water and dialyzed (CE, 100-500 Da MWCO) to
remove residual salt. *H NMR (ds-DMSO, 400 MHz): § 4.72 mm, 4.58 mr, 4.34 rr (triad, 1H,
OH), 3.84 (b, 1H, CH,CHOH), 1.37 (b, 2H, CH.CHOH).
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Chapter 5

A new structural model of a 34 kDa dimeric type |
antifreeze protein

Abstract

Antifreeze proteins (AFPs) allow fish living in icy polar waters to avoid freezing. A 34 kDa
dimeric “hyperactive” type | antifreeze protein (hypAFP1) with unusually high thermal
hysteresis (TH) activity in comparison to all other antifreeze proteins in fish was discovered in
the winter flounder. We have measured the size and shape of this highly potent AFP by using
small angle X-ray scattering (SAXS). Our results show that hypAFP1 adopts a long cylindrical
shape with a length of 20 £ 2 nm and a diameter of 2.2 £ 0.1 nm, which means that hypAFP1
does not form a fully extended helical dimer in solution. These findings call for a revision of
the structural model of hypAFP1 and the concept of a flat, threonine-rich ice binding site
extending down the length of the protein. Instead, the binding of hypAFP1 to ice surfaces may
be derived from a unique 3D arrangement of the helices.

A modified version of this work has been published in:

Olijve, L.L.C.; Sun, T.J.; Narayanan, T.; Jud, C.; Davies, P.L.; Voets, I.K. RSC Advances
2013, 3, 5903-5908.
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5.1 Introduction

The freezing point of seawater (-1.9 °C) is more than 1 °C below the equilibrium freezing point
of the body fluids of fish surviving in icy polar seawaters. To protect themselves in this
undercooled state from rapidly freezing upon contact with ice, these fish produce antifreeze
plasma proteins that lower the freezing point by stopping the growth of endogenous ice
crystals.t Antifreeze proteins (AFPs) have specific structural properties that enable them to
adsorb to the surface of ice crystals thereby restricting the addition of water molecules to the
growing ice surface. The ice surface is forced to grow with a thermodynamically unfavorable
curvature, leading to a local depression of the non-equilibrium freezing point, which results in
an arrest of further ice growth.? Over the years, a wide diversity of AFP structures have been
found in many different organisms ranging from fish® to insects,*® bacteria® and fungi.’

In 2004, Marshall et al. reported an unusually potent type I AFP isoform in winter
flounder (hypAFP1), which was 10 to 100 times more active than the previously discovered
type | AFP in the same fish species.® Circular dichroism (CD) measurements at 4-5 °C showed
that this alanine-rich, 195 residue-long (16.7 kDa) protein is almost entirely a-helical.’
Analytical ultracentrifugation (AUC) analysis and gel permeation chromatography (GPC)
furthermore indicated that this protein forms a dimer in solution and that it has an extreme
asymmetry with an estimated axial ratio of L/d = 19. Based on these data, Marshall and
coworkers concluded that hypAFP1 is a helical dimeric rod of 29 nm in length and 1.6 nm in
diameter, consisting of two long helices associated side-by-side.'® A coiled-coil structure was
ruled out based on the paucity of hydrophobic amino acid residues (e.g., Leu, lle, Val), thereby
explaining the instability of the protein (Taenat ~ 9 °C). Also, a coiled-coil structure would
interfere with regularly positioned threonine residues appearing on a flat ice-binding site along
the length of the protein. The complex was therefore modelled as an antiparallel dimer
composed of two straight helices with relatively weak interactions between the alanine (Ala)
side chains, i.e., as an Ala-zipper (Figure 1A), resulting in a closer packing with L = 27.5 nm
and d = 1.6 nm giving an axial ratio of L/d = 17.* In this model both subunits could
simultaneously engage in ice-binding (Figure 1B).

To obtain reliable evidence on the exact dimensions and multimeric state of hypAFP1,
we have performed small angle X-ray scattering (SAXS) experiments on the protein in
solution. SAXS is a powerful tool for characterizing the structure of macromolecules in their
native environment.!?13 Coherent scattering of X-rays by randomly oriented proteins gives
information on their size, shape and molar mass. In contrast to X-ray diffraction, SAXS does
not require crystalline samples which greatly broadens its application perspective, but reduces
the attainable resolution. The results presented here confirm the dimeric state of hypAFP1 and
provide accurate values for its dimensions. The length of hypAFP1 as determined from the
SAXS experiments is found to be smaller than hypothesized based on the previous model,!
which implies that the helical dimer is arranged differently and not fully stretched out.
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Figure 1: (A) Model of the antiparallel dimerization interface of a segment of hypAFP1
proposed by Graham et al.!* (B) Cross-sectional end-on view of the dimer showing the
interchain alanine interactions and regularly spaced threonine residues on the ice binding face.

5.2 Results
5.2.1 Guinier and form factor analysis

Figure 2A displays the small angle X-ray scattering profiles obtained at four different
concentrations (2-15 mg mL™) at the high-brilliance beamline 1D02 of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). The accessible g-range covers the
full SAXS profiles of hypAFP1, which extends from the Guinier regime at low g-values up to
the form factor oscillation at high g-values with a slope of ~ g typical of cylindrical structures
at intermediate g-values. A Guinier approximation (Figure 2B) was used to obtain the radius
of gyration Ry and molecular weight My. The estimated molecular weight of My = 34.7 £ 2.5
kDa corresponds to the formation of a dimer in solution. By using a modified Guinier
approximation for a rod (Figure 2C) the cross-sectional radius Rcs is obtained. Using these
structural parameters, the length of the protein complex was calculated using Eq. 2, confirming
that hypAFP1 adopts a highly elongated structure with a length L =17.6 £ 0.9 nm and a cross-
sectional radius of Res = 1.12 + 0.01 nm, giving an axial ratio of L/d = 7.9 + 0.4 (Table 2).

The experimental data are also well described by a rigid cylindrical form factor (Figure
2A and Table 3) and a worm-like chain model (data not shown). The cylindrical model assumes
a rigid cylinder with uniform scattering length density. The structural parameters extracted
from fitting the data with a cylindrical form factor yields a cross-sectional radius Res = 1.26 +
0.02 nm that is close to the Rcs obtained from the Guinier analysis, while the length L = 19.7 £
0.2 nm is slightly larger.
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Figure 2: (A) Small angle X-ray scattering profiles of 2-15 mg mL? hypAFP1 in 50 mM
HEPES at pH 6.5 and T = 5 °C. The experimental data (symbols) are well described by a
cylindrical form factor (solid lines). (B) Fit of the Guinier approximation of the experimental
data of hypAFP1. The used g-ranges are 0.08 < ¢ < 0.23 nm™ (1.9 mg mL?), 0.09 < q<0.21
nm?(3.8mgmL?),0.13<9<0.21 nm?* (7.5 mgmL?)and 0.17 <q<0.23 nm™ (15 mg mL"
1. (C) Fit of a modified Guinier approximation for a rod to the experimental data. The used
g-ranges are 0.65<q<1.49 nm™ (1.9 mgmL™),0.65<q<1.62nm™ (3.8 mgmL™),0.65<q
<1.57nm? (7.5 mgmL?) and 0.73 <q < 1.50 nm™ (15 mg mL™?).
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Table 1: Synchrotron data-collection and scattering-derived parameters. Structural parameters
reported are from the measurements at a protein concentration of ¢ = 1.9 mg mL™. Dpax is a
model parameter in the P(r) calculation and no variance associated with Dmax Can be calculated.

Data-collection parameters

Beamline

Operating energy (keV)

Flux (photons s2)

Wavelength (nm)

g-range (nm)
Sample-to-detector distance (m)
Total exposure time (s)
Concentration (mg mL™)
Temperature (°C)

Sample holder

ID02 (ESRF, Grenoble, France)
12.46

1012

0.1

0.064-3.85

1.5and 3

3
2-15
5

Poly carbonate flow-through capillary, g = 1.9 mm

Structural parameters

Graphical representation

lo (cm™) [Guinier] 0.055 + 0.002

Rg (nm) [Guinier] 5.0 +£0.09

lo (cm™) [P(N] 0.557 + 0.001

Ry (nm) [P(N)] 57%0.1

Dmax (nm) 22
Molecular mass determination

Partial specific volume (cm® g?) 0.7302

Contrast (Ap x 101° cm?) 3.060

Molecular mass My from o (Da) 34700 + 1100

Calculated monomeric M,, from sequence (Da) 16685
Software employed

Primary data reduction SAXSutilities

Data processing PRIMUS

Ab initio analysis DAMMIF

Validation and averaging DAMAVER

Computation of model intensities CRYSOL

Rigid-body modelling SASREF

PyMol and SITUS
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Table 2: Structural parameters obtained from a (modified) Guinier analysis. Rqg and My, are
obtained using a Guinier approximation (Figure 2B), Res by using a modified Guinier
approximation for a rod (Figure 2C) and L was calculated using Eqg. 2.

C (mg/mL) Rg (nm) Res (nm) L (nm) L/d Mw (kDa)
1.9 5.0 111 17.3 7.8 34.7
3.8 5.4 1.12 18.5 8.2 37.3
7.5 5.3 1.12 18.1 8.1 35.4
15 4.8 1.11 16.4 7.4 31.4
average 51+0.3 1.12 #0.01 176 £0.9 79+04 34.7+25

Table 3: Structural parameters obtained after fitting the SAXS data with a cylindrical form

factor. The radius of gyration is calculated from the obtained R¢s and L using Eq. 2.

2

C (mg/mL) Rg (nm) Res (nm) L (nm) L/d x
1.9 5.8 1.28 19.9 1.7 0.98
3.8 5.7 1.23 19.5 7.9 0.85
7.5 5.8 1.26 19.8 7.9 0.98
15 5.7 1.25 19.6 7.8 0.92
average 58+0.1 1.26 £0.02 19.7£0.2 7.8+0.1 0.93 + 0.06

5.2.2 Structural model of the protein complex

From the results of the Guinier and form factor analyses it is evident that hypAFP1 has a highly
extended shape with a length of L = 19 £ 2 nm and diameter of d = 2.3 + 0.2 nm. These
dimensions imply that hypAFP1 cannot form a dimer of two fully extended helices, since the
latter would correspond to a length of ~ 27.5 nm. To derive information on the shape of the
dimer, we have reconstructed the ab initio shape of the protein from simulated annealing
calculations using DAMMIF, which features an unlimited and adapting search volume that
avoids boundary effects, especially in highly elongated objects.’* The averaged and filtered
volumetric map of hypAFP1 shows a rod-like shape with a length of 18.5 nm (Figure 3D, cyan
color), resembling the dimensions found in the Guinier and form factor analysis. Given the
dimensions and high helical contact of hypAFP1, it is evident that the molecular structure of
this hyperactive antifreeze protein is unlike any antifreeze protein found so far. The B-helical
folds of hyperactive AFPs from insects display a flat B-sheet ice-binding surface with regularly
positions threonine residues.* Hence, a likely arrangement of the dimer would be two helices
associated side-by-side, enabling an uniform presentation of threonine residues along the
length of the protein (Figure 1).1! Yet, this structure is not consistent with the SAXS results,
which means that a different conformation of the helices might confer the hyperactive
antifreeze activity.
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Figure 3: (A) Fit of simulated annealing with DAMMIF, (B) radial distribution function (RDF)
obtained after inverse Fourier transformation of the experimental data, (C) Kratky plot showing
a parabolic shape indicative of a folded state of the protein,'® and (D) 10 calculations with
DAMMIF were performed to produce the average and filtered volumetric map of hypAFP1,
showing a rod-like shape with a length of 18.5 nm (final y* = 2.57).

5.2.3 Rigid body modeling

To get more insight into the 3D arrangement of the helices in the protein complex of hypAFP1,
we have performed rigid body modeling using SASREF.?® SASREF uses multiple rigid
subunits with known atomic coordinates to perform quaternary structure modeling of a protein
complex against the experimental data. Since no crystallographic data of the subdomains in the
protein complex of hypAFP1 is available, we have constructed two long a-helices with a length
of 18.5 nm and two short helices to account for the remaining number of residues of the protein
complex. These subunits with provided contact conditions (Figure 4A) were provided as input
for SASREF. The result of the rigid body modeling (Figure 4C) seems consistent with the
results of the more coarse-grained modeling approach and comes very close to the hypothesized
structure in which the protein complex is able to display regularly positioned threonine residues
on its ice-binding face, enabling a large protein surface area to engage in ice-binding which
could explain the hyperactive nature. However, we need to draw attention to the limitations of
the resulting structural model. Firstly, the initial contact conditions influence the SASREF
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results. Therefore, about six contact conditions per complex were set and various contact
conditions were tested. Reducing the number of contact conditions resulted in one of the
subunits losing contact with the complex. Secondly, we propose the structural model in Figure
4C on the basis of additional information rather than the goodness of fit of the different
SASREF models. Hence, the validity of the model needs to be tested with additional
biochemical experiments.
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Figure 4: (A) Subdomains with provided contact conditions used for the rigid body modeling.
The subdomains were constructed from the PDB entry 3VEM. (B) Fit of the model to the
experimental data (final x* = 3.79), using P1 symmetry. Data range used for the rigid body
modeling was cut-off from the first real point of the Guinier regime up to g = 0.25 nm™. (C)
Resulting structural model from the rigid body modeling.

5.3 Discussion

Shortly after the reported SAXS experiments on hypAFP1, Sun et al. resolved its crystal
structure consisting of a dimeric, four-helix bundle (Figure 5A).2” Both 290 A long helices fold
exactly in the middle with an angle of 180° such that their N’ and C” termini are aligned side-
by-side. The two hairpin helices are aligned in an antiparallel manner with a distinct capping
structure. Interestingly, the four-helix bundle contains an alanine-rich hydrophobic core that
retains ~ 400 waters. These interior waters are coordinated by the bundles into two intersecting
polypentagonal networks (Figure 5B), extending outwards to the protein surface. The ordered
waters are hypothesized to be involved in the ice-binding function of the protein.

The four-helix bundle in the crystal structure of hypAFP1 has a length of L = 14.5 nm,
while analysis of the SAXS data yields a length of L = 18.5 nm. We propose tentatively that
this difference is due to the presence of a very small fraction of aggregated proteins. HypAFP1
irreversibly denatures above 10 °C, and is only stable below that temperature for approximately
two weeks. During the SAXS measurements the sample was carefully prepared, the
temperature strictly controlled and the measurements thoroughly checked for radiation damage.
However, even a small amount of denaturation or radiation damage might have caused
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irreversible aggregation leading to an increase in forward scattering intensity, and ultimately a
higher value for the estimated length. A comparison between the theoretical scattering curve
of hypAFP1 and the experimental data supports this line of thought (Figure 6A).* The
CRYSOL fit describes the data well in the high g-regime, but deviates in the low g-regime,
which leads to »? values > 5. Superimposing the crystal structure to the low resolution model
(Figure 6B) also shows that the volume of the model is larger than the volume occupied by the
crystal structure due to the small overestimation in length due to the probable presence of a
very small fraction of aggregates.
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Figure 5: (A) Crystal structure of hypAFP1 showing a four-helix bundle. (B) Interior water
network inside the four-helix bundle.!’
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Figure 6: (A) Fit of CRYSOL (calculated theoretical scattering curve from the known atomic
coordinates of the crystal structure) and DAMMIF (volumetric model) to the experimental data,
(B) crystal structure (PDB: 4KE2) superimposed to the average of 10 independent DAMMIF
models (grey) and filtered most probable volume (cyan).
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5.4 Conclusion

Structural data form the basis for understanding the hyperactive nature of hypAFP1. Our SAXS
experiments provided the first reliable and independent estimation of the length, diameter and
molecular weight of hypAFP1 in solution. We found that hypAFP1 has a rigid cylindrical shape
with a length and diameter of L = 19 £ 2 nm and d = 2.3 £ 0.2 nm. This demonstrates
unequivocally that the two a-helices in the dimer are not fully extended (i.e., L = 27.5 nm),
contrary to what was hypothesized previously, irrespective of whether they are arranged in a
coiled-coil or parallel conformation. Furthermore, if the helical dimers would be held together
via an interaction of the alanine side chains, the packing would be too close to match the
experimentally observed diameter suggesting that hypAFP1 adopts a more complex
conformation. Shortly after publication of these SAXS experiments, Sun et al. resolved the
crystal structure of hypAFP1.1" This confirmed that hypAFP1 did not adopt a fully extended
conformation. Instead, hypAFP1 arranges into a four-helix bundle containing a complex
interior water network.
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5.5 Materials and methods
Sample preparation

Recombinant hypAFP1 was produced as previously described®® with the following
modification. Instead of ice affinity purification, three rounds of ammonium sulfate
precipitation were used. This is an effective method for purification because hypAFP1
precipitates from solution at a relatively low percent saturation of ammonium sulfate (28 %)
while most Escherichia coli proteins remain soluble. The hypAFP1 pellet from the last
precipitation was re-suspended and dialyzed overnight in 50 mM HEPES buffer (pH 6.5) to
remove ammonium sulfate. Purity was estimated by SDS-PAGE, and the protein concentration
was measured by amino acid analysis. Recombinant hypAFP1 at 15 mg mL™ was stored at 4
°C and used within 2-3 weeks of its preparation.

Data acquisition and data reduction

The synchrotron radiation X-ray scattering data were collected at the high-brilliance beamline
ID02 of the ESRF (Grenoble, France)? operating at 12.46 keV. The scattering intensity was

. 4 . -
measured as a function of momentum transfer vector g = fsm 6, where 2 = 0.1 nm is the

radiation wavelength and 26 is the scattering angle. Two sample-to-detector distances of 1.5
and 3 m were used to cover an angular range of 0.064 < g < 3.85 nm™*. Samples were measured
in a polycarbonate (ENKI, KI-Beam) flow-through capillary with a diameter of d = 1.9 mm
kept in a temperature-controlled holder at T = 5 °C. The two-dimensional SAXS patterns were
normalized to an absolute intensity scale using the calibrated detector response function, known
sample-detector distance, and measured incident and transmitted beam intensities.?® These
normalized SAXS patterns were subsequently azimuthally averaged to obtain the one
dimensional SAXS profiles. For each sample, 10 frames of 0.3 s were collected and averaged
after checking for radiation damage. This corresponds to a total data collection time of 3 s per
sample with a reduced flux of about 10'? ph/s. To obtain the protein scattering curve, the
normalized background scattering profile of the buffer and polycarbonate cell was subtracted
from the normalized sample scattering profiles. Finally, the absolute calibration of the
scattering curves were verified using the known scattering cross-section per unit sample
volume, AX/AQ, of water, being AZ/AQ(0) = 0.01665 cm™ for T = 5 °C 2122

Data analysis

Small angle X-ray scattering is a powerful tool to determine the dimensions and molar mass of
proteins and protein complexes directly in solution. The primary requirement is an accurate
measurement of the g-dependence of the scattering intensity of the sample of interest, the
buffer, and a calibration standard with known scattering cross-section such as water?! to
compute the differential scattering cross-section per unit sample volume, AXZ/AQ. This quantity
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gives direct access to the size, shape, and average molar mass of the protein (complex) under
investigation according to

(1) = = KcMy,S(q)P(q)

with the difference in scattering contrast with the solvent, K, the concentration, c, the molecular
weight, My, and interference effects arising from the structure within the sample, i.e.,
interparticle and intraparticle interference represented by the structure factor, S(q), and the form
factor, P(q). First, the scattering data were analyzed using a Guinier approximation to extract
the radius of gyration, Rq, and the forward scattering intensity, lo, which is AZ/AQ(q — 0). For

monodisperse globular proteins, the Guinier approximation is valid for qRg < 1.3 and Rq and lo
were determined from the slope and y-intercept of the Guinier plot In(AZ/AQ(q)) vs. ¢? using
PRIMUS from the ATSAS software package.?® For a rod-like particle, a modified Guinier
approximation can be used in the g-range where AX/AQ(q) < q~% with o ~ 1 to extract the
cross-sectional radius of the cylinder from the determined cross-sectional radius of gyration,

With Res = V2R .

Using the obtained radius of gyration and the cross-sectional radius from the Guinier
approximation, the length of a cylinder can be calculated by

2
RCS

(2) RZ =

LZ
+ —
12

Subsequently, I, = AX/AQ(q — 0) was used to calculated the molar mass of the protein

(complex), according to

Nav

(3) Mggxs = IOW

with the molecular weight Msaxs in g mol?, the forward scattering intensity lo in cm™,
concentration ¢ in g cm=, Avogadro’s number Nay, the scattering length density difference Ap
in cm? (pprotein — pr20, Where pprotein = 1.25x10° cm and przo, = 9.44x10° cm2)?* and the
partial specific volume of the protein in solution ¥ = 0.7302 in cm® g calculated using
SEDNTERP.% Finally, we have analyzed the scattering profiles in the entire recorded g-range
with various form factor models using the software package SASfit?® assuming that hypAFP1
was measured in ideal dilute solution where interparticle interactions can be neglected (i.e.,
S(q) = 1). Two form factors were used; one describing a cylindrical object?” and the other
describing a worm-like chain model according to the equations reported by Pedersen et al.?®
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Molecular shape reconstruction

In order to derive information on the solution structure of the protein, the molecular shape was
reconstructed using simulated annealing methods. First, the radial distribution function (RDF),
P(r), which describes the probable frequency of interatomic vector lengths (r) within the
scattering particle, was obtained upon indirect inverse Fourier transformation of the scattering
data using GNOM. The maximum linear dimension (Dmax) Was set to approximately 3xRq
and adjusted to give the best fit to the experimental data. The RDF was considered to be zero
at r = 0 A and approaching zero at Dmax. The GNOM output files were used as input for
simulated annealing calculations over the range 0.08 < q < 3.8 nm™* using the online version of
DAMMIF.% For each scattering curve, 10 independent bead models were generated without
predefined shape or symmetry. The 10 different models were superimposed using DAMSEL
and DAMSUP. Next, DAMAVER was used to average the aligned models and compute the
probability map.®® Finally, DAMFILT was used to filter the averaged model to give a structure
that has high densities on the probability map.
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Chapter 6

A calcium-induced conformational change of an
Ice-anchoring protein domain studied using small
angle X-ray scattering

Abstract

Protein structure is directly related to protein function. Hence, information on the solution
structure of a protein in addition to biochemical and crystallographic data allows to understand
the functional role of proteins. Small angle X-ray scattering (SAXS) is a powerful tool to
determine the size, shape and other structural properties of (biological) macromolecules in
solution and in various buffer conditions. In this chapter, the influence of calcium binding on
the solution structure of a tetrameric tandem model protein (tetraRlIl) is studied. The SAXS
data clearly show a rigidification of the structure of tetraR1l, which cannot be measured directly
in biochemical experiments. This information provides insight into the role of the RIl domain
in anchoring of an Antarctic bacterium to ice.

Part of this work has been published in:

Vance, T.D.; Olijve, L.L.C.; Campbell, R.L.; Voets, I.K.; Davies, P.L.; Guo, S. Biosci. Rep.
2014, 34, 357-368.
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6.1 Introduction

The Antarctic bacterium Marinomonas primoryensis produces a 1.5 MDa ice adhesion
membrane protein which enables it to reach the upper layers of Antarctic lake water where
oxygen and nutrients are more abundant.? The large size of this protein is mainly due to the
highly repetitive RII region of the protein, which contains approximately 120 tandem repeats
of an identical 104-residue domain. The small RIV end-region of the protein is the only ice
binding part of the protein, but both domains have a fully folded structure only in the presence
of calcium ions.>* To resolve the role of calcium binding on the structure of the RII region of
the ice anchoring protein, a protein with four tandem repeats of RI1 (tetraR11) was constructed.®
Circular dichroism (CD) analysis showed that calcium binding induces the formation of
secondary structure (B-sheets) in the tetraRIl protein (Figure 1). In this study, small angle X-
ray scattering (SAXS) is used to study calcium induced conformational changes in the tertiary
structure of tetraRII directly in solution. The results show that tetraRII rigidifies significantly
upon calcium binding. The crystal structure, only resolved in the presence of calcium, shows
an excellent fit to the experimental SAXS data of calcium-bound tetraRl1I.
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180 200 220 240 260
A/ nm ——25m

Figure 1: (A) Circular dichroism spectra of tetraR1l showing a calcium induced conformation
change and the formation of B-sheets. (B) Hypothesized function of the RII domain in the ice-
anchoring of M. primoryensis bacteria to reach oxygen rich ice-water levels (not drawn to
scale).

92



A calcium induced conformation change of an ice-anchoring protein domain studied using SAXS

6.2 Results
6.2.1 Validation of crystal structure

SAXS measurements were performed on solutions of tetraRIl in buffer with either 20 mM
CaCl; or 0.5 mM EDTA. The experimental scattering profile of tetraRIl in the presence of
calcium is shown in Figure 2A. The scattering profile ranges from the Guinier regime at low
g-values up to the first form factor oscillation at high g-values. Three power-law regimes are
apparent: a Guinier plateau occurs at low g-values; at intermediate g-values the intensity falls
off with g1, which is typical for rigid 1D objects; and finally at high g-values the Porod regime
holds where | o< q~*.

To verify from the SAXS data that the protein in the presence of calcium is in non-
aggregated form, the XRD data is compared to the solution scattering data using CRYSOL,
yielding an excellent fit over the whole g-range (Figure 2A). Furthermore, a low-resolution
model was constructed from the experimental SAXS data using the ab initio modeling program
DAMMIN.® DAMMIN uses an enclosed search volume of densely packed dummy atoms to
reconstruct the shape of the protein in solution. Ten independent models were calculated and
all provided a good fit to the experimental data (Figure 2A). The ten models were averaged
using DAMAVER and no models in the set were rejected.” The resulting molecular shape of
the ab initio model shows a good overlay with the crystal structure of tetraRIl (Figure 3),
corroborating that the crystal structure is representative of the structure of the protein in
solution.®
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Figure 2: Fit of low-resolution model and crystal structure of tetraRll in the presence of
calcium to experimental SAXS data (A) Experimental scattering data of tetraR1l measured in
20 mM Tris—HCI pH 9, 100 mM NaCl and 20 mM CacCl (symbols), fit result of ab initio
modeling (DAMMIN, blue line) and theoretical scattering curve calculated from the known
atomic coordinates of the crystal structure of tetraRIl using CRYSOL (red line).® (B) Radial
distribution function (RDF) obtained after IFT analysis of the scattering data, using data points
starting from the first Guinier point until the Porod regime (0.009 < g < 0.26 A™%). Four maxima
(M1-4) can be observed, which correspond to the center of each domain of the tetraRII.
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Figure 3: Aligned low-resolution dummy-atom model and crystal structure of tetraRIl in the
presence of calcium. The averaged ab initio shape calculated from ten models (grey) represents
the total volume occupied by the spread of all models (final goodness of fit, Rf = 0.00084), with
the filtered and most-populated volume represented in cyan and the crystal structure of tetraRl|
in magenta. Ca* ions are represented as spheres, with in blue the inter-domain calcium ions.

6.2.2 Impact of calcium binding

To evaluate the impact of Ca?* on the rigidity of tetraRIl in solution, the protein was also
measured in buffer containing the calcium chelator EDTA (0.5 mM). The | < g~ power-law
regime is much shorter in the presence of EDTA (Figure 4A) and is preceded by a short power-
law regime with a scaling exponent -1 < o < -2 indicating a considerable reduction in stiffness
upon the addition of EDTA. In Figure 4B, the data are visualized in a Holtzer-Cassasa plot of
q X AX/AQ(q) versus q to highlight these differences between the samples with EDTA and
Ca?* in the intermediate g-regime. The Holtzer-Cassasa representation clearly reveals the Ca®*-
induced rigidification of tetraRI1l as evidenced by the differences in the length of the Holtzer
plateau in the intermediate g-regime. In line with the CD data (Figure 4A), it is evident from
the SAXS profiles that tetraR1l undergoes a significant change in fold upon calcium binding.

Next, the experimental data was analyzed using a form factor originally developed for
semi-flexible, self-avoiding polymer chains, which is the WLC model as reported by
Schurtenberger and Pedersen.® This WLC model describes the conformation of an intrinsically
flexible cylinder built up from N rigid segments with a related Kuhn length Lk, which is equal
to twice the so-called persistence length, Lp. The contour length L. is then given by the number
of locally stiff segments N multiplied by their length Lp. The structural parameters obtained
from the form factor analysis are given in Table 1. For tetraRIl we may compare these to the
dimensions computed from the crystal structure obtained by XRD (X-ray diffraction) that show
the protein is a rod-like object with a length L ~ 190 A composed of four rigid subunits of
approximately 23 x 28 A in cross-section and 45 A long. We find a good agreement between
the XRD and SAXS data for tetraR|Il in the presence of calcium: application of the WLC model
gives Lc ~ 176 A | a cross-sectional radius Res ~ 11 A and persistence length L, ~ 95 A. Here,
L, is larger than the size of one subunit suggesting the formation of a rigid protein complex.
Similar to the results obtained from size-exclusion chromatography experiments, tetraRlI
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appears larger and less rigid in the presence of EDTA as observed from the increase in contour
length Lc ~ 199 A and decrease in persistence length L, ~ 41 A. The persistence length in the
presence of EDTA is comparable with the length of one subunit (~ 45 A), suggesting that the
protein loses its rigidity if no calcium is complexed to the structure.
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Figure 4: SAXS profiles of tetraR1l in presence and absence of calcium, with (A) experimental
SAXS data (symbols) and fits with the Schurtenberger— Pedersen form factor for worm-like,
self-avoiding chains (solid lines). Dashed lines are drawn to indicate the slope of the scattering
curves in the intermediate and high g-regime. The solution structure of tetraRIl (squares,
circles) was investigated in two buffers composed of (CaClz) 20 mM Tris—HCI pH 9, 100 mM
NaCl and 20 mM CaCl, and (EDTA) 20 mM Tris—HCI pH 9, 100 mM NaCl and 0.5 mM
EDTA, respectively. (B) Holtzer—Cassasa representation (q x 4% /A0(q) versus q) clarifying
the change in shape of the scattering curve evident from the difference in length of the Holtzer
plateau at intermediate g-regime in 0.5 mM EDTA (circles) or 20 mM CaCl». (C) Guinier
representation of the data (symbols) and Guinier fits (lines).

95



Chapter 6

Table 1: Structural parameters obtained from fitting the experimental data of tetraRIl with a
form factor describing a WLC with excluded volume interactions with a circular cross-section
of uniform scattering length density given by Schurtenberger and Pedersen L = contour length,
Lp = persistence length, Res = cross-sectional radius of cylinder.!3

Lc (A) Lo (A) Res (A)
CaCl;, 1759+ 1.8 96.3+2.3 11.2+0.1
EDTA 198.9+0.2 41.2+0.1 11.2+0.1

Table 2: Parameters obtained from the Guinier analysis. C = concentration, M, calc = theoretical
molecular weight calculated from the amino acid sequence, lo = forward scattering intensity
extrapolated to zero angle, Ry = radius of gyration, Mwsaxs = estimated molecular weight
determined by SAXS.

C (mg/m L) Muw,calc (kDa) lo (Cm-l) Rq (A) Muw,saxs (kDa)
CaCl2 5 42.6 0.222 + 0.001 449+0.5 52.6
EDTA 5 42.6 0.185 + 0.003 36.2+£0.1 43.9

6.3 Discussion

Circular dichroism data from previous work showed the influence of calcium binding on the
secondary structure of tetraRIl (Figure 1). At 20 molar equivalents the protein shows a -sheet-
like spectrum. The role of calcium on the overall protein and its influence on the rigidity of the
structure is difficult to study with biochemical experiments and/or crystallography, however
small angle X-ray scattering enables the determination of the structural properties of the protein
in solution. The SAXS measurements clearly show a difference in the fold of tetraR11 in buffer
with calcium or EDTA, which is best observed by presenting the data in a Holtzer-Cassasa plot
of g X A% /AQ(q) versus q to highlight the power law regime where | « g . The formation of
the 1 o g~ regime is an indication of the formation of an extended, cylinder-like structure in
the presence of calcium. Also, a form factor analysis using a worm-like chain model showed
an increase in persistence length (i.e., stiffness) of tetraRIl in the presence of calcium.
Furthermore, since the crystal structure of tetraRIl in the presence of calcium has been
determined, the known atomic coordinates of the crystal structure can be used to calculate a
theoretical scattering curve, which can be superimposed to the experimental scattering data
(CRYSOL). The CRYSOL fit is in good agreement with the experimental data and likewise,
the crystal structure nicely matches the low resolution model of the solution structure of
tetraRI1.

These findings suggest that the calcium rigidified linker regions could act to increase
the distance between the ice-adhesive RIV domain and bacterial cell surface (Figure 1), with a
maximum length of 0.6 um for the RIl domain when fully extended. High extension is
necessary to protrude away from the densely covered cell surface and enable efficient
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interaction with ice.! Calcium is normally present in sub-micromolar concentrations in the
bacterial cytosol, while the brackish-water of the Ace Lake has high salinity and calcium
concentrations in the low millimolar range (3-7 mM).> The RIl domain of MpAFP needs
roughly 10 molar equivalents of calcium to be fully structured. Therefore, MpAFP could be
secreted as a large unfolded chain, and only fold upon entering the extracellular brackish ice-
water. The extension of the extremely large ice-anchoring membrane proteins enables the
strictly aerobic bacteria to localize efficiently near the water surface where there is more
oxygen and nutrients.

6.4 Conclusion

The SAXS experiments in this study showed that tetraRlIl in the presence of calcium is in the
non-aggregated form. Evaluation of the XRD data with the solution scattering data yields an
excellent fit over the whole g-range, verifying that the crystal structure is the representative
structure in solution. The influence of calcium on the tertiary structure of tetraRll is further
studied by comparing the structural parameters of tetraRIl in the presence of calcium and
calcium chelator (EDTA). Form analysis of the scattering data clearly demonstrates a
rigidification of the protein structure in the presence of calcium. Calcium induced rigidification
of the linker regions of the RII protein enable M. primoryensis to protrude ice adhesion proteins
away from the cell surface and localize in oxygen- and nutrient-rich water layers. As
demonstrated in this chapter, in combination with biochemical and crystallographic data, small
angle X-ray scattering can be a valuable tool in understanding ligand induced conformational
changes in protein structures, and give more insight in the functional role of the protein
structure.
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6.5 Material and methods
SAXS data acquisition and reduction

SAXS data were collected on a Ganesha lab instrument (SAXSLAB) equipped with a GeniX-
Cu ultra-low divergence source producing X-ray photons with a wavelength of 1.54 A and a
flux of 108 ph/s. The scattering intensity was measured as a function of momentum transfer

vector q = 4T’Tsin 6, where 4 is the radiation wavelength and 26 is the scattering angle. Three

sample-to-detector distances of 113, 713 and 1513 mm were used to cover an angular range of
0.006 < q < 2.41 A%, Samples were measured in polycarbonate (ENKI, KI-Beam) capillaries
with a diameter of d = 2 mm kept in a temperature controlled holder at T = 20 °C. The 2D
scattering data were recorded on a Pilatus 300 K silicon pixel detector with 487 x 619 pixels
of 172 um?. The beam center and g-range were calibrated using a silver behenate standard.
Two-dimensional SAXS patterns were brought to absolute intensity scale using the calibrated
detector response function, known sample-to-detector distances, and measured incident and
transmitted beam intensities. These normalized SAXS patterns were subsequently azimuthally
averaged to obtain the 1D SAXS profiles. Data were collected at protein concentrations of 5
and 20 mg ml? and subsequently merged. The merging of SAXS profiles is customary to
generate a profile of sufficient signal-to-noise in the entire g-range. This is required for
subsequent data analysis without introducing interference effects due to non-negligible
protein—protein interactions (i.e., S(q) deviates from unity), which becomes more prominent at
low g-values and elevated concentrations. The normalized background scattering profile of the
buffer and polycarbonate cell was subtracted from the normalized sample scattering profiles to
obtain the protein scattering curve. The absolute scale calibration of the scattering curves was
verified using the known scattering cross-section per unit sample volume, AX/A(, of water,
being AZ/AQ(0) = 0.01632 cm™* for T = 20 °C 101

Data analysis

All SAXS data processing steps, such as solvent subtraction and data merging, were performed
using PRIMUS from the ATSAS software package.'? The experimental 1D scattering profiles
were analyzed using a Guinier approximation to extract the radius of gyration (Rg) and the
forward scattering intensity I, = AX/AQ(q = 0), which is valid for monodisperse spherical
particles at small angles g < 1.3/Ry. The forward scattering intensity lo was used to calculate
the molar mass of the protein. Furthermore, the scattering profiles were analyzed using a form
factor for self-avoiding worm-like chains (WLCs),"® which is implemented in the software
package SASview. Information on the dimensions of the proteins was extracted assuming a
uniform scattering length density along the cross-section.
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Molecular shape reconstruction

The ab initio molecular shape of the protein in solution was reconstructed using simulated
annealing methods implemented in DAMMIN.® First, an inverse Fourier transformation was
applied to the experimental scattering data to obtain the RDF (radial distribution function),
describing the probability of finding interatomic vectors of length (r) within the scattering
particle, using GNOM.** The maximum linear dimension (Dmax) Was set to approximately 3xRq
and adjusted to give the best fit to the experimental data. The RDF was considered to be zero
at r = 0 A and approaches zero at Dmax. The GNOM output files were used as input for the
simulated annealing calculations using DAMMIN. Ten independent dummy atom models were
calculated from a predefined cylindrical shape with radius r = 25 A and length | = 200 A |
without point symmetry (P1). The ten different models were aligned using DAMSEL followed
by DAMSUP, and averaged using DAMAVER to compute the probability map.” Finally,
DAMFILT was used to filter the averaged model to give a structure that has high densities on
the probability map representing the molecular shape of the protein in solution.
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Summary

The detrimental impact of ice formation and growth on the structural integrity and performance
of materials warrants the use of antifreeze agents in many industrial applications. Current de-
icing and anti-icing strategies involve the use of colligative antifreeze agents, such as glycols
or salts. However, these additives are often destructive for the physical properties of soft
materials, especially colloidal systems, complex liquids and biological materials. Hence, soft
materials require a different strategy to realize freeze tolerance without affecting their
mechanical, structural and functional properties. In this thesis, the development of new
technologies and strategies to produce freeze tolerant soft matter is described, based on natural
antifreeze proteins and synthetic ice binding macromolecules.

Chapter 1 describes a strategy that many cold-adapted organisms have developed to overcome
the risk of freeze damage: they produce antifreeze proteins (AFPs), which adsorb onto
embryonic ice crystals and thereby arrest further ice growth. On a macroscopic level, direct ice
binding of AFPs results in ice shaping, inhibition of ice recrystallization (IRI) and depression
of the non-colligative freezing point (thermal hysteresis; TH). This introductory chapter further
describes what is currently known about the working mechanism of AFPs, and methods to
measure AFP activity. Next, recent advances in polymer sciences are described, which serves
as background for the design strategies of inexpensive polymer-based materials that mimic
AFP activity. Furthermore, a short introduction into small angle X-ray scattering (SAXS) for
macromolecular structure determination in solution is given, followed by the aim and outline
of this thesis.

In chapter 2, the antifreeze activity of all major classes of AFPs is studied by nanoliter
cryoscopy, sonocrystallization and optical microscopy to evaluate the ability to inhibit the
recrystallization of ice and lower the non-equilibrium freezing point. The results show that
binding to fast growing non-basal ice planes is a prerequisite for effective inhibition of ice
recrystallization and non-colligative freezing point depression at cooling rates favoring rapid
ice growth (sonocrystallization and IRI). Accumulation of AFPs onto slow growing basal
planes is only important under slow ice growth conditions, as in cryoscopy. The insights
described in this chapter provide a deeper understanding of the underlying mechanism that
governs IRl and TH activity, and supports the development of synthetic mimics and innovative
strategies for cryoprotection and anti-icing technologies. Contrary to the current pursuit,
synthetic strategies should target prism and not basal plane ice binders.

Chapter 3 focuses on poly(vinyl alcohol) (PVA), which is an inexpensive material known to
inhibit ice recrystallization. Despite the early discovery of its IRI activity, the mechanism of
ice binding is still not understood. For example, it is unknown whether AFPs and PVA bind
ice in a similar fashion, and direct evidence for binding of PVA to prism, pyramidal or basal
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planes is lacking. In this chapter, the synthesis of PVA is described via reversible addition-
fragmentation chain-transfer (RAFT) polymerization of four vinyl ester monomers with
varying bulky substituents, aiming to evaluate the impact of polymer tacticity on the
multivalent ice-PVA interaction. However, only a minimal difference in polymer tacticity (5-
6 %) was obtained via this strategy. Therefore, a reliable quantification of the effect of tacticity
on antifreeze activity could not be obtained. Furthermore in this chapter, PVA with a
naphthalimide end-functionalization (Napht-PVA) is prepared to study the ice binding of PVA
in more detail via fluorescence microscopy.

In chapter 4, PVVA molecular bottlebrushes are synthesized and their activity compared to linear
PVA to evaluate if chain architecture impacts performance by strengthening the multivalent
ice-PVA interaction. PVA brushes are prepared via a combination of atom-transfer radical
polymerization (ATRP) and RAFT polymerization, resulting in a rigid poly(hydroxyethyl
methacrylate) (PHEMA) backbone with densely grafted PVA side chains. SAXS experiments
demonstrate that the PVA brushes exhibit an extended topology. Evaluation of the antifreeze
activity of the PVA brushes by IRI assays and sonocrystallization experiments shows that the
brush-like polymer architecture does not increase the antifreeze performance of P\VA compared
to linear polymers. The effective weight concentration of PVA in solution determines
antifreeze activity; chain architecture does not play a significant role.

Since AFPs adsorb onto ice crystals from solution, it is important to characterize their solution
structure in detail. Chapter 5 and 6 describe the use of SAXS for the structural characterization
of highly asymmetric antifreeze proteins in solution. In chapter 5, the size and shape of a highly
potent antifreeze protein from winter flounder (hypAFP1) is measured to assess the validity of
a previously proposed molecular model of a fully extended double helix. Based on the SAXS
profiles and data analysis including ab initio modeling, we conclude that hypAFP1 assembles
into a folded helix bundle where the individual a-helices are not fully extended.

In chapter 6, SAXS is used to validate the crystal structure of the calcium binding tetrameric
RII protein (tetraRlIl) in the presence of calcium. Furthermore the structure of tetraRlIl in the
absence of calcium is studied, which is impossible by XRD since no protein crystals could be
obtained in the absence of calcium. The SAXS experiments demonstrate that the calcium-
bound structure of tetraRII is less flexible, which explains the functional role of the RII protein
domain in anchoring of Antarctic bacteria to ice surfaces.
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Dankwoord

Niet te vergeten het belangrijkste onderdeel van het proefschrift: het dankwoord. Daar waar de
experimentele hoofdstukken vaak met het idee “ik geloof het wel” worden doorgenomen, wordt
het dankwoord uiterst nauwkeurig en kritisch bekeken. En terecht, een boek schrijf je nooit
alleen, maar wordt onbewust geschreven door iedereen die er ook maar in enige mate bij
betrokken is tijdens je PhD-tijd.

Veel dank gaat uit naar Bert en Ilja. llja, ik denk dat je dit ook wel deels jouw boekje kan
noemen. Zoveel tijd en energie die jij in het doorlezen en corrigeren hebt gestoken, heel veel
dank daarvoor. Niet alleen jouw brede kennis binnen de physische chemie, ongeremde energie
tijdens lange dagen op het synchrotron, en het gemak waarmee je nieuwe samenwerkingen met
verschillende vakgebieden weet op te zetten, maar vooral jouw nieuwe ideeén maakt jou een
onderzoekster die naar mijn idee perfect op de juiste plaats zit binnen het ICMS. Ook bij het
onderzoek naar de antivries eiwitten zijn we vanaf nul begonnen (geen eiwitten, geen
polymeren en geen analyse methode), en zijn we toch tot nieuwe inzichten gekomen die nog
meer stof doen opwaaiien. Ookal zijn het een beetje ‘rare’ eiwitten, de interesse vanuit
academie en industrie blijft verbazend groot, met nog genoeg onderzoek te doen voor de
komende jaren. Heel erg veel dank voor de afgelopen 4 jaar. Jouw deur stond altijd voor alles
open. En ik wens Thijs en jou veel geluk in jullie nieuwe huisje.

Bert, ik heb enorm veel bewondering hoe je op een charmante en gemoedelijke manier het
onderzoek in jouw groep aanstuurt. Ondanks een drukke agenda ben je altijd op de hoogte van
ieders voortgang in het onderzoek, maar nog meer van ieders persoonlijke situatie en
ontwikkeling, zowel van staflid tot beginnende stagair. Het ICMS is een zeer mooi
onderzoeksinstituut geworden, dat vast en zeker in de ‘championsleague’ zal meedraaien (iets
wat ik Ajax voorlopig niet zie doen).

I’'m very grateful that | was able to work in two succesful collaborations, both which held a
great contribution to this dissertation: Konrad Meister, Stephan Lotze en prof. Huib Bakker of
the AMOLF in Amsterdam, and Phil, TSun and prof. Peter Davies of Queen’s University in
Kingston, Canada. Konrad, thanks a lot for helping with Chapter 2. | have to acknowledge that
you noticed the correlation between activity and ice binding planes first, and you got me
convinced after all. Hopefully, Eindhoven and Amsterdam will keep working together with
many more results to come, and maybe someday we might completely understand how these
proteins work. Stephan, | was happy | could provide you with some of the proteins and admire
your detailed analysis.

TSun, thanks for preparing the Maxi protein described in Chapter 5. Although the protein was
not quite easy to handle, the crystal structure you resolved looks amazing. Phil and Tyler,
thanks for preparing the R2t protein described in Chapter 6. Phil, I hope you enjoyed your visit
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to Eindhoven and the synchrotron. Maybe one day we can fully understand that weird Antarctic
bacterium of yours.

| highly appreciate prof. Art DeVries, dr. Matthew Gibson, prof. Jan van Hest, prof. Nico
Sommerdijk and prof. Emmo Meijer for reading the dissertation and taking place in the defense
committee. Also I would like to thank prof. René Jansen for taking place as chairman.

Ik heb de afgelopen 6 jaar met plezier gewerkt binnen SMO. Brian, mijn BMT-broer vanaf het
eerste moment! We kennen ons al vanaf de middelbare school, en eigenlijk al eerder van de
derby’s tussen Voerendaal en Ubachsberg. Tijdens de studie kon ik er elke keer van genieten
om jou op maandag ochtend om 7u in bus 40 te zien zitten met je slaaphoofd en de haren alle
kanten op, dan wist ik dat het weer een goede week ging worden. Ik ben blij dat dat je samen
met Remco mijn paranimf wilt zijn. Remco, jij bent echt inne goeie! Binnen SMO ben jij een
drijvende kracht achter alles wat niks met werk te maken heeft. Borrels, feestjes en
voetbaltrainingen, jij zorgde ervoor dat iedereen van de partij was. Nou mag je op 8 oktober
dat feestje regelen nog eens dunnetjes over doen. En ik ga er vanuit dat je op de zondagen veel
doelpunten gaat maken. Janus, gij zijt ook inne goeie! Gelukkig zijn we voorlopig nog niet van
al jouw gezwets verlost, want SMO zal aardig stil worden zonder. Van mij mag je tijdens de
verdediging een stoel erbij pakken en gezellig naast Remco gaan zitten. Overigens is het met
een grote koptelefoon op ook nog eens best goed uit te houden met jou op kantoor. Dan is er
nog het ‘snoepvoorraad’ kantoor. Ralph, jij bent de beste! Thuur, jij bent zowaar nog beter dan
Ralph! Lidia, thanks for making fun of me all the time!

Luuk van Schijndel, jij was mijn beste afstudeerder! (ook de enige) Het was geen gemakkelijk
project waar we jou aan lieten werken, en met elk resultaat haalde je onze mooie theorie
helemaal onderuit. Je liet je niet van de wijs brengen en bleef doorgaan. Jouw werk heeft de
eerste stap gezet naar hoofdstuk 2, en ook nog eens een mooie publicatie samen met Stephan.
En wacht maar af, ooit verbeter ik jouw tijd op de halve marathon.

I would like to acknowledge Lech for a lot of help in the peptide synthesis of the type | AFP.
Marco Hendrix, bedankt voor de AFM metingen op het allerlaatste moment voor de concept
versie van het proefschrift. René, we hebben bijna 4 jaar lang een zuurkast gedeeld zonder dat
er ook maar één keer met rondbodemkolven door de lucht werd gegooid. Bedankt man! Het
originele kantoor met Patrick, Isja en Rob heeft heel lang stand gehouden. Bedankt voor jullie
hulp en het delen van alle bloed-zweet-en-tranen momentjes. Louis, | had a great time during
the ACS conference in New Orleans (although Bourbon street is the only thing | can
remember), and | very much enjoyed visiting your hometown. | really have to go back
sometime when there is no tons of snow and rain. Joseke, Miguelino, Matt and Nic, thanks a
lot for stealing all the cookies in our office and interrupting our magnificent scientific work.

106



Onderzoek is niet mogelijk zonder al het werk dat uit handen wordt genomen door de stafleden
binnen SMO. Veel dank gaat daarom ook uit naar het analytisch team: Ralf, Lou en Joost; het
secretariaat team: Martina, Nora, Jolanda, Carla en Marjo; Hans voor het regelen van alle
bestellingen; Henk voor de koffie ‘zo sterk dat er een spijker in blijft drijven’. Als niet-
chemicus heb ik heel veel bijgeleerd van Jolanda en Bas ‘succescoach’ vd Waal. Jolanda,
bedankt dat ik in het beste lab van Eindhoven heb mogen werken. Bas, jij bent simply the best!

Dan is er natuurlijk nog een belangrijke dosis afleiding, zonder welke ik vast en zeker veel
meer voor de wetenschap had kunnen betekenen. De oekels uit Wijnandsrade en omstreken:
Ruud, Mark, Jeroen, Brett en Tim; de BMT boys: Frank, Joep, Rieneke, Anne, Jelle, Thomas,
Leo en Bert, en de mannen van WODAN 8 voor de afleiding in de weekenden, geouwehoer op
de training en kantine dagen met koppijn op de maandag tot gevolg.

Koen, bedankt voor je hulp met de cover, het ziet er nu zeker beter uit. Pap en mam, ookal
begrijp je geen woord van wat er in dit boekje beschreven staat, jullie bijdrage is misschien wel

het grootst van allemaal. Bedankt voor alle goede zorg voor de afgelopen 27 jaar.

Luuk

107






	1 Titelblad
	2 Table of contents
	3 1EmptyPage
	3 Chapter 1 - Intro - Final [3]
	4 Chapter 2 - Sonocrystall - Final [1]
	5 1EmptyPage
	5 Chapter 3 - Ice-binding PVA - Final [1]
	6 Chapter 4 - PVA brush - Final [2]
	7 Chapter 5 - SAXS hypAFP1 - Final [1]
	8 1EmptyPage
	8 Chapter 6 - SAXS RII calcium - Final [1]
	9 Summary_Eng
	10 CV_Eng
	10 EmptyPage

